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Abstract
Development of Mesoporous Silicas, Responsive
Polymer Microgels, and Related Nanocomposites
By
Yingyu Li
Advisors: Professor Michal Kruk
Professor Shuiqin Zhou

This dissertation covers research on polymer-templated nanoporous materials and functional
soft materials, and it consists of four major parts. The first part is on introduction. The next part
(Chapters 2-3) describes the research work on the synthesis of silicas with spherical mesopores.
Chapter 2 is focused on the synthesis of large-pore FDU-12 silicas at room temperature by using
surfactants with large hydrophilic blocks and relatively small hydrophobic blocks (such as
Pluronic F108 (EO132PO50EO132)) as the template. Chapter 3 discusses an interesting mesopore
structure, which is the hollow silica nanosphere (HSN). The single-micelle-templating strategy
provides a general approach for the synthesis of HSNs at room temperature, and the judicious
choice of the framework precursor and synthesis conditions allows for the synthesis of HSNs
with pore void diameter tunable from ~ 10 nm to ~ 44 nm. In addition, the one-pot roomtemperature synthetic approach can be employed to the construction of hybrid organic/inorganic
hollow spheres.
The third part involved the preparation of glucose-responsive polymer microgels (Chapter 4-6).
In Chapter 4 and 5, two kinds of dye-composited microgel sensors have been developed, and
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they exhibited good stability, high selectivity, and good reproducibility for detection of glucose.
In Chapter 6, a glucose responsive core-shell structured microgel was designed and developed
for insulin release at proper physiologically needed glucose levels.
The last part of this dissertation (Chapter 7, 8) was about the synthesis of inorganic
particle/polymer hybrid materials. In Chapter 7, the stimuli-responsive polymer brushes were
successfully grafted from the surface of hollow silica nanospheres via surface-initiated atom
transfer radical polymerization with activators regenerated by electron transfer (SI-ARGET
ATRP), and the polymer loading was well controlled. Besides, the core-shell-structured
nanocomposites were successfully fabricated in Chapter 8. Magnetite nanoparticles were adopted
as the core, and the multifunctional polymer layer was coated on their surface. They
demonstrated significant adsorption capacity towards cobalt ions, and suitability for magnetic
separation, making it an excellent absorbent for waste water treatment.
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1.1 Ordered Mesoporous Silicas
1.1.1 Definition of mesoporous silicas
According to the IUPAC definition1, the porous materials are classified as microporous (< 2
nm), mesoporous (2-50 nm) and macroporous (> 50 nm) materials in terms of the pore diameter.
Mesoporous materials have been known for decades and extensively used in chromatography,
adsorption, and heterogeneous catalysis. In the early 1990s, Kuroda and co-workers2, and the
scientists from Mobil Corporation3 reported the first family of surfactant-micelle-templated
ordered mesoporous silicas (OMSs) with cylindrical pores packed in an ordered fashion into a
honeycomb structure. Since then, OMSs with diverse mesostructures and controllable pore
diameters have received considerable attention due to their promising roles in drug delivery,
catalysis, adsorption, separations, and so forth4-5.
1.1.2 Preparation of ordered mesoporous silicas
Ordered mesoporous silica synthesis has been extensively investigated in the past two decades.
The silica materials with ordered mesostructures can be prepared under a variety of reaction
conditions, using different structures of the surfactants, the concentration of the surfactant, pH,
temperature, addition of salt, etc. Typically, the synthesis of OMSs is based on the “soft
templating” method by using surfactant micelles as the structure-directing agents in aqueous
solutions. The surfactants self-assemble into well-defined micelles, and they can self-assemble
into ordered liquid crystalline mesostructures. The silica precursor, such as commonly used
tetraethylorthosilicate (TEOS), hydrolyzes under basic or acidic conditions, and self-assembles
with the surfactant. In this process, the silica precursor polymerizes while interacting with
hydrophilic domains of the surfactant micelles to form the silica framework. Afterwards, the
hydrothermal treatment can be employed to make the silica framework more condensed, which
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may also directly or indirectly tune the pore diameter. The final step is the removal of the
surfactant from the as-synthesized silicas. The most commonly used method is the calcination
typically at temperature of 500 oC or higher for several hours. To avoid the shrinkage of the silica
framework upon calcination, solvent extraction (e.g., using EtOH/HCl solution) is used as an
alternative approach to remove the surfactant.
1.1.3 Classification of ordered mesoporous silicas
It is known that the mesostructure of OMSs is significantly depending on the structuredirecting agent, that is, surfactant. Depending on the nature of the hydrophilic head groups, the
surfactants can be classified into two types: (I) ionic surfactants that include anionic head groups
(e.g., carboxylate, phosphate, sulfate, etc.)6, or cationic head groups7 (e.g., quaternary
ammonium salts, etc.); and (II) nonionic polymers, such as poly(ethylene oxide)/poly(propylene
oxide) di-/tri-block copolymers, or polystyrene-poly(ethylene oxide)8. The properties and pore
structures of OMSs synthesized using ionic and nonionic surfactant micelles as the “soft”
templates are different, which is discussed below.
1.1.3.1 M41S family
M41S family of OMSs and related materials is prepared with the cationic surfactants (such as
cetyltrimethylammonium bromide) under basic conditions9. Deprotonated silica species interact
with the cationic surfactant to form lamellar (MCM-50), 2-D hexagonal (MCM-41) and cubic
Ia3d (MCM-48) structures (Figure 1.1). MCM-41 and MCM-48 silicas have mesopores with
narrow pore size distribution, but their hydrothermal stability is usually not satisfactory due to
their thin wall (0.7-1.5 nm). In addition, their pore diameters are less than 7 nm for MCM-4110
and 5 nm for MCM-48 silicas11, which restricts their further applications for eﬀective separation
of biomacromolecules and natural products. The pore expansion agents are usually introduced to
3
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enlarge the pore diameters. Generally, the pore expansion agents, referred to as micelle swelling
agents

or

micelle

expanders,

are

organic

molecules,

such

as

trimethylbenzene9,

triisopropylbenzene or N, N-dimethylhexadecylamine10.

Figure 1.1 The structures of M41S family of nanoporous/nanostructured silicas
1.1.3.2 SBA-15 silica
Amphiphilic block copolymers with molecular weights larger than 2000 g/mol can be selected
as alternative structure-directing agents. Such block copolymers include poly(ethylene oxide)poly(propylene oxide)-poly(ethylene oxide) triblock copolymers, such as Pluronic P123
(EO20PO70EO20) and F127 (EO106PO70EO106). Under acidic conditions, the silicas templated by
Pluronic P123 typically have quite large and ordered mesopores (~ 9 nm). With an addition of a
swelling agent, the pore diameter can be further enlarged. In 1998, SBA-15 with 2-D hexagonal
array of cylindrical mesopores templated by Pluronic P123 surfactant was reported by Dr.
Dongyuan Zhao and co-worker12. Our group developed the synthesis of large-pore SBA-15
silicas by selecting a proper swelling agent, such as triisopropylbenzene, and the pore diameter
can reach up to ~ 26 nm13.
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1.1.3.3 FDU-12 silica
Among OMSs, the ordered silicas with spherical mesopores (OSSMs) templated by block
copolymer surfactants attracted much attention. The surfactants used as templates for OSSMs
usually have large hydrophilic fraction and small hydrophobic fraction, such as Pluronic F127
(EO106PO70EO106) where poly(ethylene oxide) constitutes about 70 wt.%. The micelles of
Pluronic F127 copolymer possess a hydrophobic core composed of PO blocks and an outer shell
composed of the hydrophilic EO blocks (Figure 1.2). When using Pluronic F127 nonionic block
copolymer as a template and TEOS as the silica source, OSSMs can be synthesized. OSSMs
have a number of remarkable features, such as a tailorable pore cage diameter and pore entrance
size (the latter from below 1 nm to the diameter close to the pore cage size)14. The addition of the
micelle expander typically provides enlarged pore size, but the optimization of the amount and
type of the swelling agent may also require careful consideration, because the addition of the
expander may disrupt the morphology of the templating micelles, resulting in disordered
structures.

Figure 1.2 Change from unimer to spherical micelle for Pluronic F127 copolymer
5
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Fan et al.15 first reported that FDU-12 silica with face-centered-cubic (fcc) structure (Fm3m
symmetry) and quite large pores (diameter 10-12 nm) can be synthesized by using Pluronic F127
as the surfactant and TMB as the swelling agent in the presence of KCl. Later, they successfully
fabricated large-pore FDU-12 (LP-FDU-12) with the largest pore size up to ~27 nm at a lower
temperature of 15 oC16. On the basis of the extent of solubilization of aromatic hydrocarbons, our
group developed the synthesis of ultra-large-pore FDU-12 by using different swelling agents,
such as xylenes17, ethylbenzene18, or toluene (Liang Huang and Michal Kruk, unpublished work)
at a low temperature (~ 15 oC). In the current study, triblock copolymers with large hydrophilic
blocks and relatively small hydrophobic blocks (e.g., Pluronic F108, EO132PO50EO132) were
selected as structure-directing agents, and toluene was used as the micelle expander. The details
of the synthesis of LP-FDU-12 at room temperature are discussed in Chapter 2.
1.1.3.4 Hollow silica nanospheres
In addition to the syntheses of OMSs described above, single-micelle-templating strategy
provides a straightforward method to synthesize hollow silica nanospheres (HSNs)19. The
triblock copolymer, such as Pluronic F127 and F108, can be self-assembled into spherical
micelle, and silica precursor can be condensed on the single micelle templates and eventually the
surfactant can be removed by calcination. Yang and co-workers synthesized HSNs with the aid of
salt under acidic conditions by using Pluronic F127 as the surfactant19. At a lower temperature of
15 oC, our group developed a facile method using Pluronic F108/xylene/KCl as the soft template
to prepare well-ordered HSNs with an exceptionally large pore size up to ~23 nm20. In the
current study, the judicious choice of the framework precursor and reaction system, such as the
initial synthesis temperature, addition of swelling agents, silica source, and hydrothermal
treatment temperatures, permits the synthesis of HSNs with tunable pore voids when using
6
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Pluronic F108 (EO132PO50EO132) as the soft template. The details of the synthesis of HSNs will
be discussed in Chapter 3.
1.2 Responsive polymer microgels
1.2.1 Definition of “smart” microgels
Hydrogels are cross-linked polymeric networks that can absorb and maintain large amounts of
water. Microgel, a kind of a hydrogel, has the particle size ranging from 100 nm to several
hundred microns21. Microgels possess small size and volume, high surface area, and fast
response to external stimuli and high diffusivity22, so they are widely used in the fields of drug
delivery, sensing, absorption and separation technologies23-25.
“Smart” microgels are able to respond to environmental stimuli, such as changes in pH, light,
temperature, ionic strength of the surrounding medium, glucose concentration, and the action of
an electromagnetic field26-28 (Figure 1.3). The swelling and deswelling transitions are reversible
and the volume phase transitions are controlled by the interactions between repulsive and
attractive forces acting within the particles: swelling occurs when ionic repulsion or osmotic
forces exceed attractive forces, such as hydrogen bonding, Van der Waals interactions,
hydrophobic and specific interactions29.

Figure 1.3 Schematic changes of microgel size in response to various environmental stimuli.
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1.2.2 Preparation of microgels
The methods to fabricate microgels are numerous depending on their applications.
Precipitation polymerization and emulsion polymerization are the most widely used methods for
the synthesis of microgels in the presence or absence of surfactant molecules.
1.2.2.1 Precipitation polymerization
Precipitation polymerization is a heterogeneous polymerization process in which all
ingredients (monomers, cross-linker, and initiator) are well dissolved as a homogeneous system,
but upon initiation, the formed polymer is insoluble and thus precipitates. The free radical
precipitation method is frequently applied to synthesize thermally responsive polymers, bulk gels,
and microgels (or nanoparticles). As shown in Figure 1.4, monomer and crosslinker are water
soluble, and at an initial stage, the initiator will generate free radicals to form oligomers. The
growing polymer chains collapse to become colloidally unstable precursor particles. They will
deposit onto an existing colloidally stable polymer particle or aggregate with other precursor
particles until they reach a critical size, and being stabilized by surfactant molecules30. When the
polymerization temperature is far above the LCST (lower critical solution temperature) or VPTT
(volume phase transition temperature) of the polymers, the microgels are collapsed. After the
polymerization is finished and the reaction system is cooled down, microgel particles start to
swell. To purify the microgels, centrifugation, followed by decantation and redispersion in clean
water is an effective procedure.

8

Chapter 1

Figure 1.4 Schematic representation of free radical precipitation polymerization
1.2.2.2 Emulsion polymerization
The cross-linked polymer formation in emulsion polymerization is different from that in
homogeneous media, and the size of the polymer particles is within the sub-micrometer range31.
Typically, the monomer droplets with diameters ranging from 1 to 10 μm can act as monomer
reservoirs. As the polymerization proceeding with the consumption of the monomer inside the
micelle, the monomer will diffuse from the reservoirs into these growing particles until all
droplets disappear. Finally, the system will become an aqueous suspension of polymer particles.
The important feature of the emulsion polymerization is that the size of the polymer particle is
small, and the cross-linking density is high even in the early stage of polymerization32.
1.2.2.3 Other methods
As the development of living polymerization techniques, microgels can be prepared at room
temperature by using reversible addition-fragmentation chain transfer (RAFT) and atom transfer
radical polymerization (ATRP)33-35. In addition, microgels were successfully made by using self
9
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assembly of block copolymers with hydrophilic and hydrophobic domains into micelles. The
polymerizable amphiphiles enabled the cross-linking that greatly improved the stability to the
self-assembled particles. Zhu and Napper have assembled cross-linkable microgels from
pNIPAm-b-PEO, and the addition of the cross-linker can stabilize the microgels36.
1.2.3 Classification of stimuli-responsive microgels
1.2.3.1 Thermal responsive microgels
Poly(N-isopropylacrylamide) (PNIPAM) is one of the most studied thermoresponsive
polymers. The synthesis of PNIPAM microgels was first reported in the labs of Robert Pelton in
198637. When selecting N,N’-methylenebisacrylamide (BIS) as the cross-linker and sodium
dodecyl sulfate (SDS) as the surfactant, PNIPAM microgels can be synthesized at 70oC via free
radical precipitation polymerization. The resulting microgels usually have a very narrow size
distribution and are versatile in terms of particle size control. At room temperature, the PNIPAM
microgel is in a swollen state, and at the physiological temperature, it changes to a collapsed
state. This change is due to an entropic effect resulting from a balance between hydrogen-bond
formation with water and intramolecular hydrophobic forces. The VPTT of PNIPAM microgel is
~ 32 oC, quite close to physiological temperature, which makes it very attractive for both
scientific studies and technological applications. However, due to the carcinogenic or teratogenic
properties of the NIPAM monomer38, PNIPAM microgels have not been used as the drug
delivery vehicles in the clinical practice.
Notably, Lutz et al.39-41 reported the copolymers of 2-(2-methoxyethoxy)ethyl methacrylate
and oligo(ethylene glycol) methacrylate (P(MEO2MA-co-OEGMA)) exhibit temperature
response that is comparable to and, in some cases, superior to that of PNIPAM. It is worthy to
note that the structures of the monomers include poly(ethylene glycol) (PEG), and considering
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that PEG is nontoxic and has been proven by FDA, the thermoresponsive microgels generated
from these monomers may have promising application in biomedical engineering.
1.2.3.2 pH responsive microgels
pH-responsive microgels are colloidal crosslinked polymer particles that swell when the pH
approaches the pKa of the polybase or polyacid chains42, 43. Vinyl pyridine and vinyl imidazole
can be copolymerized with NIPAM to include tunable and multiresponsive properties44, 45. In
addition, carboxylic acid functional groups have been incorporated into microgels via the
copolymerization of NIPAM with fumaric acid, vinyl acetic acid, methacrylic acid (MAA), and
acrylic acid (AA)46-50. The swelling response towards pH and ionic strength in polyelectrolyte
microgels greatly depends on electrostatic interactions between the ionic groups. At pH ~ 4.5, the
poly(NIPAm-AA) microgels undergo a sharp increase in size due to the deprotonation of
carboxylic acids and the resultant electrostatic repulsion between the negatively charged
carboxylate segments (pKa of AA ~ 4.25). Our group developed a new class of pH-responsive
chitosan-based nanogels (< 200 nm) by the physical interpenetration of chitosan chains into a
nonlinear PEG chain network. The nanogels are able to respond to the environmental pH changes
(pH 5.0-7.4), and increased acidity in subcellular compartments can trigger the antitumor drug
release51.
1.2.3.3 Glucose responsive microgels
According to the report from World Health Organization, at least 171 million people
worldwide have diabetes mellitus and this number is increasing rapidly52, especially in
developing countries15. So there is a critical need to develop a simple, stable, and accurate
biosensor for continuously monitoring glucose levels. Currently, considerable research has been
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focused on developing synthetic ligands for binding and detecting glucose. The best ligands
identified for binding glucose in aqueous media are boronic acids53.
Our group was first to synthesize a new type of PNIPAM-based microgels functionalized with
a phenylboronic acid (PBA) group54, which is sensitive to glucose concentration in aqueous
solutions (Scheme 1.1). PBA is at equilibrium between the undissociated and the dissociated
forms with a pKa ~ 8.2, both of which can react reversibly with 1, 2-cis-diols. The complexation
of the uncharged form with glucose is unstable because it is highly susceptible to hydrolysis, but
the binding with glucose causes the thermodynamically favorable charged form55. As a result,
the dissociation equilibrium of PBA moves to the right in the presence of glucose, resulting in
the swelling of the PBA-functionalized microgels (Figure 1.5). In addition, Dr. Wu et al.
constructed a ratiometric glucose sensing nanogel, based on the in situ growth of the glucosesensitive nanogel layer onto the fluorescent Ag nanoparticle (NP) core templates56 (Figure 1.6).
However, the preparation of NPs is time-consuming and difficult, so in my present study,
organic dye molecules, inexpensive and commercially available products, are selected to replace
NPs or quantum dots as the optical code. Two kinds of dye-containing microgel biosensors will
be introduced in Chapter 4 and Chapter 5.
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Figure 1.5 Complexation equilibrium between the alkylamidophenylboronic acid and glucose in
an aqueous solution.

Figure 1.6 Model of a ratiometric glucose sensing nanogel.
In addition to the research concerning the construction of glucose-responsive biosensors, the
development of glucose-responsive insulin-delivery system is important57. Microgel polymers
have high loading capacity and controllable permeability, and thus they are considered as an
ideal candidate for controlled insulin delivery vehicles. Liu and co-workers58 developed a highly
stable and degradable multifunctional microgel for self-regulated insulin delivery. They used a
precipitation emulsion method to synthesize microgels with monomers of NIPAM, (2dimethylamino)ethyl methacrylate and 3-acrylamidephenylboronic acid that demonstrated
controllable release of preloaded insulin under physiological conditions. However, a major
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challenge is that these microgels start to swell at very low glucose concentration, which may
cause the overdose of insulin at normal human blood glucose concentration (4-8 mM), resulting
in an excessive decrease in blood sugar that may lead to hypoglycemia. In Chapter 6, a core-shell
structured microgel that can regulate the insulin release in response to appropriate glucose levels
has been designed and successfully synthesized.
1.3 Inorganic particle/responsive polymer nanocomposites
1.3.1 Silica/polymer nanocomposites
Organic polymers, which are typically soft materials, have many beneficial properties, such as
elasticity, plasticity, and stimuli-responsiveness, but they lack thermal stability and mechanical
strength characteristic of many inorganic materials. On the other hand, silica, a hard material, has
robust mechanical strength and high thermal stability, but it lacks stimuli-responsive properties
and elasticity. In recent years, many researchers developed syntheses of polymer/silica composite
materials to modify the surface properties of silicas. If one takes hollow silica nanosphere as an
example, typical polymer grafting methods are illustrated in Figure 1.7. Generally, there are two
strategies to prepare polymer/silica composites. The first method is the “grafting to” method,
which requires highly efficient coupling reaction of the surface with polymers, such as thiol-ene
“click” reaction or azide-alkyne Huisgen cycloaddition reaction. Our group previously
successfully immobilized polymers and monosaccharides in the large mesopores of SBA-15 by
using “click” reactions59. The polymer loading was high (up to 25 wt.%), and importantly, the
nanopores were accessible after grafting, which opens an avenue to the synthesis of
polymer/nanoporous silica hybrid materials with high polymer loading. The other strategy to
graft polymers on the surface of silica is “grafting from” method. The commonly used technique
is the controlled living polymerization, such as ATRP. In well-executed normal ATRP, all
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propagating chains grow nearly at the same rate, and the resultant polymers have a narrow
molecular weight distribution. ATRP is suitable for the surface-initiated polymerization of a wide
range of monomers, but the strict requirement of oxygen-free reaction and a high concentration
of copper absorbed in the final product limit its application. Dr. Matyjaszewski’s group
developed the activators regenerated by electron transfer (ARGET) ATRP method, which
significantly reduced the amount of copper based catalyst60. The mechanism of ARGET ATRP is
shown in Scheme 1.2. With the addition of a reducing reagent, Cu(II) complex (deactivator) are
converted to Cu(I) complex (catalyst), and the polymerization can be carried out in the glass vial
without the aid of vacuum line, after an initial oxygen depletion period. In recent years, our
group successfully employed the ARGET ATRP technique to graft polymers from the surface of
ordered silicas with 2-D hexagonal

61, 62

or cage-like nanopores63. In Chapter 7, this powerful

technique will be introduced to prepare responsive polymer/HSNs hybrid materials.

Figure 1.7 Illustration of hollow silica nanosphere surface modification strategies including
“grafting to” or “grafting from” methods.
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Scheme 1.2 Mechanism for activators regenerated by electron transfer atom transfer radical
polymerization (ARGET ATRP)60.
1.3.2 Magnetite/polymer nanocomposites
The preparation of magnetic nanocomposites has aroused great interest in the past few years
due to their potential impact in biomedical and microelectronic areas. Surface-initiated controlled
radical polymerization, such as ATRP64, RAFT65, or NMP66 (nitroxide mediated polymerization)
has been applied to graft polymers from the surface of Fe3O4 NPs. Besides the polymer brushes
grafted on the iron oxide surface, the seed-feed polymerization method provides an alternative
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strategy to coat the cross-linked polymer layer on the NPs surface. Dr. Wu et al. used the Ni-Ag
bimetallic NPs as the core that serve as nuclei for free radical precipitation polymerization of the
pH responsive poly(EG-MAA) gel layer at 70 oC67. Based on my previous experiences on the
synthesis of carbon coated magnetite and stimuli-responsive microgels, the polymer with
responsive functionalities/magnetite nanocomposite is designed and the detailed information will
be included in Chapter 8.
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2.1 Introduction
Since the discovery of M41S materials in 1992,1 surfactant-templated ordered mesoporous
silicas with various structures and controllable pore size have received considerable attention due
to their promising roles in drug delivery,2 catalysis and adsorption,3 separations,4,5 and so forth.
Among OMSs, the ordered silicas with spherical mesopores (OSSMs) templated by block
copolymer surfactants have great features, such as high hydrothermal stability, tunable pore cage
diameter and pore entrance size, and 3-D pore connectivity6-10. For the development of enzyme
engineering, proteomics, and metabonomics, OSSMs provide great opportunity to accommodate
large molecules, such as proteins or polymers11, 12.
To obtain spherical pore structures, commercially available Pluronic block copolymers
(poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide)) were commonly used as the
surfactant templates. In an aqueous solution, PPO blocks form a core of the micelle, and PEO
blocks form a hydrated corona around the core. Zhao and co-workers6 first reported that FDU-12
silica with face-centered-cubic (fcc) structure (Fm3m symmetry) and quite large pores (diameter
10-12 nm) can be synthesized at the initial temperature of 40 oC by using Pluronic F127
(EO106PO70EO106) as the surfactant and TMB as the swelling agent in the presence of KCl. Later,
they successfully fabricated large-pore FDU-12 (LP-FDU-12) with the largest pore size up to
~27 nm at a lower temperature of 15 oC7. The adjustment of the pore diameter is important for
the development of OSSMs. Currently, two strategies are mainly explored to enlarge the pore
diameters. One is to select a surfactant with a suitable molecular size that can direct the micelle
formation and thus afford templated pores of large size13. Although it is simple and feasible by
selecting commercially available surfactants, the pore diameter is typically relatively small (up to
~10 nm). The use of some surfactants other than Pluronics13, 14, including poly(ethylene oxide)-
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poly(methyl acrylate) and poly(ethylene oxide)-polystyrene, can lead to large pore sizes (up to ~
40 nm). Another alternative method is to use swelling agents that can be solubilized in the
micelles, and thus increase their size15-21. It is noteworthy that ultra-large-pore FDU-12 (ULPFDU-12) was successfully synthesized at 14 oC in the presence of a salt by using Pluronic F127
(EO106PO70EO106) as the template, and xylene or ethylbenzene as the micelle expanders that were
selected on the basis of solubilization properties of aromatics20, 21. Subsequently, toluene was
found to be very useful in the synthesis of ULP-FDU-12 in the absence of inorganic salts when
Pluronic F127 was used as the surfactant (L. Huang, M. Kruk, manuscript in preparation). The
addition of the micelle expander typically provides enlarged pore size, but the optimization of
the amount and type of the swelling agent may also require a careful screening, because the
addition of the organic swelling agent in an aqueous solution may disrupt the morphology of the
micelles, resulting in disordered structures.
In the current study, we explored a series of triblock copolymers with large hydrophilic blocks
and relatively small hydrophobic blocks (e.g., Pluronic F108, F87, and F88) as structuredirecting agents, and toluene as the micelle expander. We demonstrated that LP-FDU-12 silica
with face-centered cubic structure (Fm3m symmetry) can be synthesized at room temperature
(23oC), and its unit-cell parameter can be as large as ~ 52 nm. Calcined LP-FDU-12 had unit-cell
parameters up to ~ 49 nm and pore diameters up to ~ 22 nm when using F108 as the surfactant.
2.2 Experimental Section
2.2.1 Chemicals
Pluronics were provided as research samples from BASF. Ethylbenzene, m-xylene, and
toluene (extra dry) were obtained from Fisher. Tetraethyl orthosilicate (TEOS) was purchased
from Acros. All of these chemicals were used as received without further purification.
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2.2.2 Synthesis
Synthesis of ULP-FDU-12 silicas. The synthesis was similar to the method developed by
Huang, L. and Kruk, M. (manuscript in preparation), but with different surfactants and
temperatures. In a typical synthesis procedure, 1.00 g of Pluronic block copolymer [BASF, (EOxPOy-EOx), EOx is poly(ethylene oxide) block and POy represents poly(propylene oxide) block]
(see Table 2.122, 23) was placed in 60 mL of 2 M aqueous HCl solution, which was followed by
magnetic stirring until the whole polymer dissolved at a selected temperature (12 oC, 14 oC, 18
o

C, 23 oC, 25 oC, 28 oC). Then 3 mL toluene was added and the mixture was stirring at 350 rpm

at fixed temperature for 2 days in a covered container. Next, 4.8 mL of TEOS was added. The
reaction mixture continued stirring for one day, and then it was transferred to a polypropylene
bottle and kept at 100 oC for one day. The product was filtered and dried in a vacuum oven at ~
60 oC. The resulting as-synthesized material was calcined at 550 oC under air for 5 h (heating
ramp 2 °C/min) to remove the surfactant template. The resulting samples are denoted as FxTy-z,
where Fx stands for the name of Pluronic triblock copolymer; T indicates the initial synthesis
temperature, and y is the initial synthesis temperature, and z represents the hydrothermal
treatment temperature.
Table 2.1 Composition of the Pluronics22, 23
Pluronics

composition

MW

M(EO)x

PEO wt%

M(PO)y

PPO wt%

F108

(EO)132(PO)50(EO)132

14,600

11,680

80%

2,920

20%

F87

(EO)61(PO)40(EO)61

7,700

5,450

70%

2,250

30%

F88

(EO)96(PO)39(EO)96

10,700

9,550

79%

2,250

21%
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2.2.3 Measurements
Small-angle X-ray scattering (SAXS) patterns were recorded on a Bruker Nanostar U
instrument equipped with a rotating anode Cu Kα radiation source operated at 50 kV, 24 mA and
with Vantec 2000 2-dimensional detector. Samples were placed in the hole of an aluminium
sample holder and secured on both sides using a Kapton tape. Nitrogen adsorption measurements
were performed at -196 oC on a Micromeritics ASAP 2020 volumetric adsorption analyzer.
Before the analysis, samples were outgassed under vacuum at 200 oC for 2 h in the port of the
adsorption analyzer. Transmission electron microscopy (TEM) images were acquired on a FEI
Tecnai Spirit microscope operated at 120 kV. Before the imaging, the samples were dispersed in
ethanol using sonication and subsequently deposited on a carbon-coated copper grid. The solvent
was evaporated under air before TEM analysis.
2.2.4 Calculations
The BET specific surface area (SBET) was calculated from nitrogen adsorption isotherm in the
relative pressure range from 0.04 to 0.2024. Total pore volume (Vt) was determined from the
amount adsorbed at a relative pressure of 0.9924. The micropore volume (Vmi) was calculated
using the αs plot method in the standard reduced adsorption range from 1.0 to 1.3. For many
OMSs, the sum of the mesopore volume (Vp), and the micropore volume (Vmi) was estimated
using the αs plot method from data corresponding to pressures above the capillary condensation
pressure. Pore size distributions (PSDs) were determined from adsorption branches of the
isotherms using the Barrett-Joyner-Halenda (BJH) method25 with KJS correction26 for cylindrical
mesopores and the statistical film thickness curve for a macroporous silica gel LiChrospher Si100027. This method is known to underestimate the diameter of spherical mesopores by ~ 2-3 nm
in the considered pore size range.28 Therefore, the pore diameter was also evaluated for most
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samples using a geometrical relation proposed by Ravikovitch and Neimark for materials with
face-centered cubic structures of spherical mesopores:29
1

⎛ 6
⎞3
Vp ρ
⎟
wd = a⎜
⎜π v 1+V ρ +V ρ ⎟
p
mi
⎝
⎠

(2.1)

where a is the unit-cell parameter calculated from the position of (111) peak on the SAXS
pattern for the Pluronic F88-templated synthesis of FDU-12 samples, and from the position of
(311) peak on the SAXS patterns for the other samples (based on Kruk, M.; Huang, L.; Li, Y.;
unpublished work); v is the number of spherical mesopores in the unit cell (4 for fcc structure);
and ρ is the framework density (assumed to be 2.2 g·cm-3).
2.3 Results and discussion
2.3.1 Selection of Pluronic surfactant for room-temperature synthesis of large-pore
materials
Currently, large-pore ordered mesoporous materials with pore diameter above ~ 14 nm are
synthesized using Pluronics and suitable micelle expanders primarily below 20 oC7, 20, 21. While
syntheses of large-pore Pluronic-templated silicas at or above room temperature have been
reported, the resulting materials are typically either heterogeneous or disordered, for instance,
mesocellular foams (MCFs)17. Therefore, there has been a need for the development of the
synthesis of Pluronic-templated large-pore ordered mesoporous materials at (or slightly above)
room temperature. Such a development would eliminate the need for refrigerated bath systems
(often with requirement of accurate temperature control), and also would increase versatility in
terms of synthesis setup (enabling microwave-assisted synthesis, etc.) and facilitate a scale-up of
the synthesis.
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Fan et al. noted that in the low-temperature synthesis of large-pore FDU-12, the major
increase in the unit-cell parameter as the temperature decreased was observed in the vicinity of
the critical micelle temperature (CMT). However, it was not defined whether the considered
CMT is for surfactant in pure water (for which it can be looked up in the literature) or in the
presence of additives, including swelling agent. Moreover, no implications of the above
conclusion were considered. Herein, it is shown that one can shift the temperature window in
which the major pore size increase is observed by selecting a Pluronic surfactant with an
appreciably higher CMT than that for Pluronic F127 and P123 used earlier19, 20, 30. Pluronic F108
block copolymer, whose CMT in pure water is close to room temperature31, was of particular
interest because of its large molecular size. Pluronic F88 and F87 surfactants with higher CMT
and smaller molar mass were also studied. Toluene was selected as a swelling agent, because it
solubilizes strongly in solutions of Pluronics, thus being a good (if not superior) choice of a
swelling agent for Pluronics with low fraction of hydrophobic blocks, which benefit from the
selection of “strong” swelling agents, as already explored to some extent elsewhere (Ref. 18 and
Huang, L.; Kruk, M., manuscript in preparation).
2.3.2 F108-templated synthesis of large-pore FDU-12
Under the considered conditions, toluene is a better swelling agent for Pluronic F108 at room
temperature in comparison with ethylbenzene and m-xylene (Figure 2.1), which additionally
justifies its selection. Pluronic F108 has relatively small fraction of the hydrophobic block (~ 20
wt. %) in its molecule, which induces a stronger preference to form spherical micelles that can
template spherical mesopores. We investigated a series of initial synthesis temperatures, starting
from low temperature (~ 12 oC) to room temperature and even higher (up to 28 oC). The molar
composition of the mixture was: TEOS: F108: HCl: H2O (1.1: 0.004: 6: 157). Figure 2.2
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displayed the TEM images for F108-templated silica samples. At low temperature of 12 oC, it is
clear that the large mesopores are not arranged in highly ordered domains at the edges of the
particles. Near the room temperature (e.g., 23 oC and 25 oC), the samples exhibited highly
ordered structures. A spherical pore morphology can be clearly observed, but the assessment of
the ordered pore structure type required SAXS measurements. Interestingly, as the synthesis
temperature increased to 28 oC, an ordered structure was more difficult to find at TEM images.
Instead, individual hollow nanospheres with uniform size were often seen and they aggregated in
a disorderly manner. A similar phenomenon was also observed by Yu and co-workers32 when
using TMB as swelling agent in the presence of KCl at 30 oC. On the other hand, they obtained
ordered structures at lower temperatures, and a hard-sphere packing mechanism was proposed
for the formation of these mesoporous materials. Our TEM images provide some confirmation of
this mechanism, as individual hollow spheres can be seen on the edge of some of our particles
(see Figure 2.2 b; c).
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Figure 2.1 Nitrogen adsorption isotherms (a), pore size distributions (b), and SAXS patterns (c)
of calcined silicas synthesized using F108/swelling agent template at an initial synthesis
temperature of 23 oC.
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Figure 2.2 Transmission electron microscopy images of calcined silica samples synthesized
using Pluronic F108/toluene pair as the template, and synthesized at different temperatures: 12
o

C (a), 23 oC (b), 25 oC (c), and 28 oC (d).
The SAXS patterns collected in the q range from 0.1 to 1.8 nm-1 for as-synthesized and

calcined samples are shown in Figure 2.3. The first peak with the highest intensity is somewhat
broad, and corresponds to overlapping 111 and 200 peaks33. The other three well-resolved peaks
in the range of 0.35-1.0 nm-1 can be convincingly indexed as 311, 331, and 442/600 reflections
of the face-centered cubic structure (Table 2.2).
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Figure 2.3 SAXS patterns of as-synthesized (a) and calcined (b) FDU-12 silicas synthesized
using Pluronic F108/toluene pair and at different initial synthesis temperatures.
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Table 2.2 Ratios of relative positions of experimentally observed SAXS peaks identified under
assumption that the material is a face-centered cubic (fcc) structure, which are compared with the
expected peak positions for the fcc structure.
331/311

442/311
600/311

442/331
600/331

q311

q331

q442, 600

Expected ratio of
peak positions

1.314

1.809

1.376

F108T14-100-as syn.

1.281

1.753

1.369

0.4097

0.5249

0.7184

F108T14-100-cal.

1.285

1.762

1.371

0.4417

0.5676

0.7781

F108T18-100-as syn.

1.322

1.807

1.367

0.4132

0.5462

0.7468

F108T18-100-cal.

1.318

1.802

1.367

0.4339

0.5718

0.7816

F108T23-100-as syn.

1.304

1.784

1.369

0.4026

0.5249

0.7184

F108T23-100-cal.

1.311

1.787

1.363

0.4275

0.5605

0.7639

F108T25-100-as syn.

1.317

1.806

1.371

0.4872

0.6415

0.8798

F108T25-100-cal.

1.317

1.800

1.366

0.5221

0.6878

0.9395

F108T28-100-as syn.

N/A

N/A

1.380

N/A

0.7255

0.9815

F108T28-100-cal.

N/A

N/A

N/A

N/A

0.7539

N/A

N2 adsorption isotherms of the considered calcined samples (Figure 2.4) were characteristic of
materials with large mesopores. The structural parameters obtained from SAXS and N2
adsorption measurements are summarized in Table 2.3. It is noteworthy that at low temperature
of 12 oC, the pore size distribution was wide, which is in accord with what was observed in TEM
image (Figure 2.2a). Interestingly, in the initial synthesis temperature range of 14 oC to 23 oC,
the large unit-cell parameter remains the same as the temperature increased, but the pore size
distribution centered at ~ 22 nm became narrower. The results indicate that ULP-FDU-12 silica
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with face-centered cubic structure can be obtained at room temperature (~23 oC), which is
readily accessible to most of the laboratories, and is more convenient than the temperatures of 14
-15 oC typically used in large-pore FDU-12 synthesis7, 20, 21, 28. Importantly, even after calcination
at 550 oC, the shrinkage was quite low (the unit cell parameter decreased by ~ 7%), which is
much lower than that of LP-FDU-1220, 21 and comparable to acid-treated ULP-FDU-12 silicas20,21.
The obtained sample has the unit-cell parameter of 49 nm after calcination that is larger than the
reported unit-cell size of LP-FDU-12 synthesized using TMB under standard conditions (15 oC)
and only about 10% smaller than the largest unit-cell parameters reported for calcined ultra-large
pore FDU-12 synthesized using Pluronic F127 and xylenes or ethylbenzene as swelling
agents20,21. Our F108-templated LP-FDU-12 silica prepared at 23 oC also had quite large
mesopore volume and high specific surface area (~ 1000 m2/g). As the temperature was
increased to 25 oC, the unit cell parameter of FDU-12 decreased to ~ 40 nm, which is
comparable to that originally reported for large-pore FDU-12 synthesized using F127/TMB7 and
much larger than that for FDU-12 prepared above 17 oC6,7. The pore size was still uniform and
quite large (18 nm). Notably, at room temperature (~ 24 oC, without controlling the temperature),
the pore diameter is also uniform, and comparable to that obtained under well-controlled
temperatures. The pore diameter is not changed when TEOS was added 30 min after the addition
of toluene rather than after 2 days (Figure 2.5). It is important to note that the pore size can be
tuned by controlling the hydrothermal treatment temperature (Figure 2.6). When the as-prepared
silica dispersion was treated at 130 oC for 1 day, the nominal pore size (BJH-KJS cylindrical
pore calculation method) of the recovered and calcined material reached 22 nm. As noted earlier,
this method is expected to underestimate the pore diameter by 2-3 nm. This expectation is
confirmed through calculation of the pore size using Equation 2.1, as it rendered a pore diameter
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of 25.7 nm (see Table 2.3). At a higher initial synthesis temperature of 28 oC, the aggregated
hollow spherical particles were observed, which had uniform pores of diameter around 15 nm.

Figure 2.4 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silica
synthesized using F108/toluene pair template under different temperatures.
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Table 2.3 Structural parameters for silica samples synthesized using Pluronic F108/toluene pair
as the template at different initial temperatures.a
Unit cell parameter
Sample

SBET

Vt

Vp

Vmi

wKJS

wd

(cm3/g)

(cm3/g)

(cm3/g)

(nm)

(nm)

aas

ac

(nm)

(nm)

F108T12-100

62.46

56.67

0.91

1265

0.87

0.33

0.53

24.0b

27.9

F108T14-100

50.86

47.18

0.93

930

0.68

0.31

0.36

20.7

24.0

F108T18-100

50.43

48.03

0.95

1001

0.76

0.36

0.37

21.1

25.2

F108T23-100

51.76

48.75

0.94

1060

0.90

0.52

0.36

22.4

27.8

F108r.t.-1-100 c

42.77

40.98

0.96

1037

0.77

0.41

0.36

17.4

22.2

F108r.t.-2-100 c

42.16

40.14

0.96

988

0.78

0.45

0.32

17.9

22.5

F108T25-100

42.77

39.91

0.93

856

0.69

0.40

0.28

18.0

22.0

F108T25-130

45.08

44.39

0.98

385

0.83

0.78

0.03

21.9

29.5

F108T28-100

37.75

36.33

0.96

717

0.68

0.27

0.37

15.4

17.8

2
ac/aas (m /g)

Notationa: aas, unit-cell parameter for as-synthesized sample, calculated from d311, except for
F108T12-100, calculated from d111, and F108T28-100, calculated from d331; ac, unit cell
parameter for calcined sample, calculated from d311, except for F108T12-100, calculated from
d111, and F108T28-100, calculated from d331; SBET, BET specific surface area; Vt, total pore
volume; Vp, primary mesopore volume; Vmic, micropore volume; wKJS, pore diameter calculated
using BJH-KJS method for cylindrical mesopores; wd, pore diameter calculated using Eq. 2.1.
b

The pore size distribution of F108T12-100 sample is very broad, and the average wKJS is ~ 24.0

nm. c The calcined silicas synthesized with Pluronic F108/toluene pair at room temperature (~
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22-26 oC, an addition of TEOS followed by adding toluene in 30 min (F108r.t.-1-100) and 1 day
(F108r.t.-2-100).

Figure 2.5 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silicas
synthesized with Pluronic F108/toluene at well-controlled temperature of 23oC, 25oC, and roomtemperature (~ 22-26 oC).
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Figure 2.6 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silica
initially synthesized at 25 oC with Pluronic F108 and toluene pair, but hydrothermally treated at
100 oC or 130 oC for 1 day.
2.3.3 Pluronic F87- and F88-templated syntheses of large-pore silicas
To better understand the influence of the choice of Pluronic copolymers on the temperature
dependence of the unit-cell size, we selected a series of other commercially available triblock
copolymers with a similar proportion of hydrophilic domains, and investigated their initialsynthesis-temperature-dependent behavior in terms of their unit-cell size and pore diameter
tailoring. Pluronic F87 (EO61PO40EO61) with a shorter PPO blocks and much shorter PEO block
(in comparison to F108) did not exhibit well ordered mesopores when the initial synthesis
temperature was 14 oC (Figure 2.7). Increasing the temperature to 18 oC, the sample with quite
large uniform pores of diameter 15 nm was obtained (Figure 2.8). At well-controlled
temperature (23 oC and 25 oC), the pore diameter was around 14 nm and the pore size
distribution was narrower. At room temperature (~24 oC, without controlling the temperature),
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the pore diameter is also uniform, and comparable to that obtained under well-controlled
temperatures. It is worthy to note that the pore diameter is essentially the same when TEOS was
added 30 min after the addition of toluene rather than after 2 days (Figure 2.9). When the
temperature was increased to 28 oC, there was a significant decrease in the pore diameter to 8.8
nm (Table 2.4). When the temperature was further increased to 31 oC, the isotherm did not
provide any clear evidence of uniform mesopores, which is in accord with the SAXS results in
Figure 2.7.

Figure 2.7 SAXS patterns of as-synthesized (a) and calcined (b) FDU-12 silicas synthesized
using Pluronic F87/toluene pair at different initial synthesis temperatures.
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Figure 2.8 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silicas
synthesized with Pluronic F87/toluene pair at different temperatures.

Figure 2.9 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silicas
synthesized with Pluronic F87/toluene pair at room temperature (~22-26 oC, an addition of
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TEOS followed by adding toluene in 30 min and 2 days) and well controlled initial synthesis
temperatures of 23 oC and 25 oC.
Table 2.4 Structural parameters for silica samples synthesized using Pluronic F87/toluene pair as
the template under different initial temperatures.a
Unit cell parameter
SBET

Vt

Vp

Vmic

wKJS

wd

ac/aas

(m2/g)

(cm3/g)

(cm3/g)

(cm3/g)

(nm)

(nm)

33.29

0.98

790

0.61

0.34

0.27

15.4

17.8

32.56

29.90

0.92

724

0.63

0.41

0.22

14.5

16.9

F87T25-100

31.17

29.30

0.94

776

0.67

0.45

0.22

13.7

16.9

F87r.t.-1-100

33.87

32.02

0.95

892

0.79

0.53

0.25

15.4

18.9

F87r.t.-2-100

33.87

32.74

0.97

865

0.72

0.43

0.28

15.0

18.4

F87T28-100

23.63

22.89

0.97

1003

0.70

0.43

0.27

8.8

12.9

Sample

aas

ac

(nm)

(nm)

F87T18-100

34.07

F87T23-100

Notationa: aas, unit-cell parameter for as-synthesized sample, calculated from d311; ac, unit cell
parameter for calcined sample, calculated from d311. For other notation, see caption to Table 2.3.
For Pluronic F88 surfactant, results are presented in Table 2.5 and Figure 2.10-11. Notably, at
low temperature of 14 oC, mesopore volume was very low, as seen from the hardly visible
capilary condensation step. Higher temperature was beneficial for the formation of well-ordered
mesopores, which can be inferred from SAXS results in Figure 2.11. At the initial synthesis
temperature of 18 oC, the pores were uniform and had narrow size distribution centered at ~ 13
nm (Figure 2.10). The as-synthesized material had a unit-cell parameter of 40 nm, which
decreased to 36 nm after calcination. These values are quite large as for a Pluronic surfactant that
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is much smaller than typically used F127 or F108. When synthesized at well controlled
temperature (23 and 25 oC), the samples had larger pore diameters of ~ 14-15 nm, which is
similar to that of the samples templated with Pluronic F87. At room temperature (~ 24 oC,
without tempearture controlling), the results are comparable to the silicas prepared under wellcontrolled temperatures. It is worthy to note that the pore diameter was essentially the same
when TEOS was added 30 min after the addition of toluene rather than 2 days later (Figure 2.12).
As the initial synthesis temperature went up to 28 oC and 31 oC, the silicas still had uniform pore
sizes, but the pore diameters were reduced to 11.0 nm and 9.4 nm.

42

Chapter 2
Table 2.5 Structural parameters for silica samples synthesized using Pluronic F88/toluene pair as
the template under different initial temperatures. a
Unit cell parameter
Sample

SBET

Vt

Vp

Vmic

wKJS

wd

ac/aas

(m2/g)

(cm3/g)

(cm3/g)

(cm3/g)

(nm)

(nm)

aas

ac

(nm)

(nm)

F88T14-100

NA

NA

NA

867

0.46

0.03

0.42

12.3

NA

F88T18-100

40.26

36.43

0.90

857

0.53

0.19

0.33

12.9

16.5

F88T23-100

35.59

33.26

0.93

849

0.60

0.30

0.29

13.7

17.1

F88r.t.-1-100

35.58

34.00

0.96

935

0.67

0.33

0.33

14.8

17.7

F88r.t.-2-100

35.58

34.00

0.96

894

0.62

0.28

0.33

14.2

17.0

F88T25-100

36.43

35.59

0.98

846

0.61

0.30

0.30

15.0

18.3

F88T28-100

30.60

29.42

0.96

1048

0.68

0.29

0.38

11.0

14.6

F88T31-100

28.33

27.32

0.96

872

0.56

0.25

0.30

9.4

13.4

Notationa: aas, unit-cell parameter for as-synthesized sample, calculated from d111 reflection; ac,
unit cell parameter for calcined sample, calculated from d111 reflection.
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Figure 2.10 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silicas
synthesized with Pluronic F88/toluene pair at different temperatures.

Figure 2.11 SAXS patterns of as-synthesized (a) and calcined (b) FDU-12 silicas synthesized
using Pluronic F88/toluene pair at different initial synthesis temperatures.
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Figure 2.12 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined silicas
synthesized with Pluronic F88/toluene pair at room temperature (~ 22-26 oC, an addition of
TEOS followed by adding toluene in 30 min and 2 days) and well controlled initial synthesis
temperatures of 23 oC and 25 oC.
Figure 2.13 summerized the relationship between the initial synthesis temperature and the
unit-cell parameters as well as pore diameters when using three commercially available Pluronics
as the surfactant templates. F108-templated LP-FDU-12 synthesized at 18-23 oC gives us larger
unit cell parameter, which makes it possible to prepare large-pore materials at room temperture.
However, F87 and F88 also rendered quite large pore diameters. In addition, it also shows us
how to prepare a series of large-pore silica materials with tunable pore sizes by selecting
inexpensive and commercially available Pluronics, and in particular, how to synthesize them at
room temperature, which makes the fabrication process accessible and greatly reduces the cost,
and saves energy.
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Figure 2.13 The relationship between the initial synthesis temperature and unit cell diameter or
pore diameter for silicas templated by different Pluronics/toluene pairs.
2.4 Conclusion
Pluronic F108 allowed us to synthesize LP-FDU-12 with large spherical mesopores at room
temperature. The pore size and pore accessibility can be controlled by adjusting the initial
synthesis temperature or using different Pluronic triblock copolymer as surfactants. The
approach opens a feasible and convenient avenue to LP-FDU-12.
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3.1 Background
Hollow silica nanospheres (HSNs) with nanoscale dimensions have attracted a lot of attention
due to their unique properties, such as low density, high surface area, large pore volume, uniform
and tunable pore diameter, and the permeable porous wall1-5. Their fascinating well-defined
hollow nanostructures allow them to have vast potential applications as catalysts or catalyst
supports6-9, carriers for drug/gene delivery10-12, or adsorbents and separation materials13.
Typically, the strategies for the preparation of HSNs can be classified into hard and soft
templating methods depending on the nature of the template. The first is to use a solid template,
such as metal or metal oxide nanoparticles14, polymer latexes (e.g., polystyrene and poly(methyl
methacylate))15-17, and poly(N-isopropylacrylamide) aggregates18. The silicate species are
hydrolyzed and condensed around the template through a sol-gel process and subsequently the
hard templates can be removed by acid etching or solvent extraction. However, the fabrication of
HSNs usually requires multi-step synthesis and complicated treatment, resulting in the low yield
and high cost. Compared to the hard-templating method, the soft-templating method is more
promising for the fabrication of HSNs on a large-scale. The emerging soft templates include
micelles, vesicles, lipsomes, and so forth4,

19-22

. Among them, a straightforward strategy is to

perform the synthesis of HSNs by self-assembly of the triblock copolymer micelles, such as
Pluronic F127 and F108 micelles with silica species (from hydrolysis of TEOS)4,

19, 23

.

Eventually, the polymer surfactant micelles can be removed by calcination. Previously, Yang et
al. successfully synthesized HSNs with the aid of salt under acidic conditions by using Pluronic
F127 as the surfactant4. Recently, our group developed a facile method using Pluronic
F108/xylene/KCl as the soft template to prepare well-ordered HSNs at 15 oC with an
exceptionally large pore size of ~ 23 nm23.
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Though the HSNs with well-ordered structures and uniform particle size have been reported, a
methodology for the fabrication of HSNs with easy tuning of inner spherical voids in a general
and facile approach has not been reported. Meanwhile, the complete understanding of the factors
that influence the formation of hollow spheres is still at its early stage. In this study, we selected
Pluronic F108 with a larger hydrophilic block as the surfactant, and explored a series of factors,
such as the molar ratio of the silica precursor to surfactant, the synthesis temperature, the
swelling agent, the silica source, and the hydrothermal treatment temperature, which can
influence the formation of HSNs and control their pore properties. Interestingly, hollow spherical
nanoparticles are formed at a decreased framework-precursor/surfactant ratio, and the inner size
of spherical pores can be tuned from 9.5 nm to ~ 44 nm. The one-pot soft-templating approach
can also be employed to the construction of well-defined organosilica nanospheres at room
temperature, integrating organic groups with small moieties (e.g., -NH2, -C=C, -CN, etc.) or
incorporating organic groups into the silica framework.
3.2 Experimental Section
3.2.1 Chemicals
Pluronics were provided by BASF as research samples. Ethylbenzene, toluene (extra dry), and
m-xylene were obtained from Fisher. 1, 3, 5-triisopropylbenze (TIPB) was from Alfa Aesar.
Tetraethyl orthosilicate (TEOS), tetramethyl orthosilicate (TMOS), and cyclohexane were
purchased

from

Acros.

(3-aminopropyl)triethoxysilane

(APTES),

vinyltrimethoxysilane

(VTMS), and 1, 4-Bis(triethoxysilyl)benzene (BTEB) were purchased from Sigma Aldrich. 1, 2Bis(triethoxysilyl)ethane (BTEE) and 3-(Triethoxysilyl)propionitrile (TESPN) were obtained
from Gelest, Inc. All of these chemicals were used directly without further purification.
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3.2.2 Synthesis
In a typical synthesis of hollow silica nanospheres, 1.00 g of Pluronic F108 was added to 60
mL of 2 M HCl solution, which was followed by magnetic stirring until the whole polymer
dissolved at a certain temperature (12-25 oC). Next, a certain amount of the swelling agent (e.g.,
toluene (3 mL), m-xylene (3.46 mL), or ethylbenzene (3.44 mL)) was added and the stirring
continued in a covered container. After 30 min, silica precursor was added. When there were two
precursors for the preparation of organosilica hollow spheres, the TEOS was added first and
prehydrolyzed for 2 h, and the other organosilane was added afterwards. The reaction mixture
continued stirring at 350 rpm for 1 day. Then the whole solution was treated hydrothermally at
100 oC for 1 day. The resulting as-synthesized material was filtered, washed with deionized
water and dried at ~ 60 °C in a vacuum oven. Finally, the material was calcined at 550 °C under
air for 5 h (heating ramp 2 °C/min). The samples are denoted HSNx, where HSN stands for
hollow silica nanosphere, and x is the sample number. The synthesis conditions of HSNs are
summarized in Table 3.1. It should be noted that some samples from this series may actually not
exhibit hollow sphere morphology, although the conditions were selected to be favorable for the
hollow sphere formation.
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Table 3.1 Summary of synthesis conditions.

Sample

Initial
synthesis
temperature
(o C)

HSN01

14

HSN02

18

HSN03

20

HSN04

22

HSN05

23

HSN06

25

HSN07

r.t. (~25)

Swelling
agents
(mL)

Precursors

Aging
temperature
(o C)

toluene
(3 mL)

TEOS
(1.5 mL)

100

TEOS
(1.5 mL)

100

HSN08

N/A

HSN09

TIPB (3.4 mL)

HSN10

25

cyclohexane (3.06 mL)

HSN11

m-xylene (3.46 mL)

HSN12

ethylbenzene (3.44 mL)

HSN13

TEOS (2.2 mL)

HSN14

TMOS (1.0 mL)

HSN15

25
toluene
(3 mL)

HSN16
HSN17

22

HSN18

25

HSN19

22

VTMS/TEOS
(0.17 mL/1.98 mL)
APTES/TEOS
(0.23 mL/1.98 mL)
TESPN/TEOS
(0.27 mL/1.5 mL)
BTEE/TEOS
(0.28 mL/1.5 mL)
BTEB/TEOS
(0.30 mL/1.5 mL)

HSN20
HSN21
HSN22

100

r.t. (~ 25)
25

toluene
(3 mL)

TEOS
(1.5 mL)

60
80
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3.2.3 Measurements
Small-angle X-ray scattering (SAXS) patterns were recorded on a Bruker Nanostar U
instrument equipped with a rotating anode Cu Kα radiation source operated at 50 kV, 24 mA and
with Vantec 2000 2-dimensional detector. Samples were placed in the hole of an aluminium
sample holder and secured on both sides using a Kapton tape. Nitrogen adsorption measurements
were performed at -196 oC on a Micromeritics ASAP 2020 volumetric adsorption analyzer.
Before the analysis, pure silica samples were outgassed under vacuum at 200 oC for 2 h, and
organosilica samples were degassed under vacuum at 80-120 oC in the port of the adsorption
analyzer. Transmission electron microscopy (TEM) images were acquired on a FEI Tecnai Spirit
microscope operated at 120 kV. Before the imaging, the samples were dispersed in ethanol using
sonication and subsequently deposited on a carbon-coated copper grid. The solvent was
evaporated under air before TEM analysis.
3.2.4 Calculations
The BET specific surface area (SBET) was calculated from nitrogen adsorption isotherm in the
relative pressure range from 0.04 to 0.2024. Total pore volume (Vt) was determined from the
amount adsorbed at a relative pressure of 0.9924. Pore size distributions (PSDs) were determined
from adsorption branches of the isotherms using the Barrett-Joyner-Halenda (BJH) method25
with KJS correction for cylindrical mesopores and the statistical film thickness curve for a
macroporous silica gel LiChrospher Si-100026. This method is known to underestimate the
diameter of spherical mesopores by 2-4 nm in the considered pore size range27-29.
3.3 Results and discussion
3.3.1 Effect of the molar ratio of Pluronic F108/silica precursor
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As reported before, it is possible to obtain surfactant-templated materials with large pore
diameter at low temperature when using toluene as a swelling agent in combination with
Pluronic F127 block copolymer28,

30, 34

. It has been shown that the formation of individual

nanospheres rather than the consolidated structures (such as FDU-12) is promoted by the
decrease of the framework-precursor/surfactant ratio. So in this study, the molar ratio of TEOS to
Pluronic F108 was decreased from 314/1 as in our earlier work (Chapter 2) to 181/1. Four clear
SAXS peaks of the sample prepared at TEOS/F108 = 181/1 (Figure 3.1a) can be assigned as the
(111), (311), (331), and (531) reflections of a highly ordered fcc nanostructure of FDU-12. At
such lower temperature (~ 12 oC), we still were not able to get well-defined HSNs even when the
TEOS/F108 was reduced to 99/1. According to our earlier studies, higher temperature is another
factor that can affect the formation of HSNs when using Pluronic F108 as the template31. So in
current research, after selecting the molar ratio of TEOS to Pluronic F108 (99/1), we explored
extensively other factors that can affect the formation of well-defined HSNs as well as the tuning
of cavity size of the HSNs by using Pluronic F108 as the surfactant.
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Figure 3.1 (a) Transmission electron microscopy image of silica materials prepared at an initial
synthesis temperature of 12 oC with a molar ratio of TEOS/ Pluronic F108 =181/1, and (b) its
SAXS pattern.
3.3.2 Effect of the initial synthesis temperature
At a slightly higher temperature of 14 oC, hollow nanospheres (HSN01) can be formed, but the
nanoparticles are not uniform as seen in TEM (Figure 3.2a). As the temperature increased to 18
o

C, the cavity diameter of the resulting sample (HSN02) becomes uniform, and was ~ 37 nm

based on nitrogen adsorption. As the temperature increased to 20 oC, the particle size was
uniform, and the cavity was ~ 30 nm. Around the room temperature (~ 23 oC), the pore diameter
became even more uniform, and was about 23 nm. As shown in Figure 3.3, the SAXS patterns
resembled those reported earlier for aggregated hollow spheres. Based on the TEM images in
Figure 3.2c and d, at an increased synthesis temperature of 25 oC, the sample (HSN06) has an
average inner cavity of ~ 19 nm, and wall thickness of ~ 6 nm. The pore diameter calculated
based on the nitrogen sorption isotherm was about 16 nm, which is in agreement with the TEM
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results, given that the method used to calculate PSDs is known to underestimate diameters of
spherical mesopores by about 3 nm in the considered pore size range. The BET specific surface
area can reach as high as ~ 761 m2g-1 with total pore volume of 1.65 cm3g-1 (Table 3.2). As seem
in Figure 3.4a, all the samples exhibited type IV adsorption isotherms, with two more or less
separated hysteresis loops (except for the sample prepared at 14 oC) at the relative pressures P/Po
between 0.5 and 0.85-0.95 as well as between ~ 0.9 and 1, suggesting that these HSNs have two
types of mesopores. Notably, in all cases, the capillary evaporation from the mesopores took
place primarily at the lower limit of adsorption-desorption hysteresis (P/Po = 0.4-0.5), indicating
that there are gaps in the nanosphere walls, whose diameter was below 5 nm. The Figure 3.5
represents a scheme of the structure of a hollow silica nanosphere. The porous silica wall as well
as the uniform and spherical mesopore interior is highly desirable for guest molecules diffusion
that is important for applications in catalysis and adsorption. The single-micelle-templated
mesopores had tunable voids of diameter 16-44 nm, depending on the initial synthesis
temperature. There are also additional mesopores corresponding to the interparticle voids formed
by the loose packing of the nanospheres. The results are in accord with our earlier studies which
showed that low temperature allows one to get larger pore diameters. In addition, it is
noteworthy that when the synthesis was carried out at room temperature (~ 25 oC) without
temperature controller, the pore diameter of the resulting sample (HSN07) was comparable to
that of the sample (HSN06) fabricated at well-controlled temperature of 25 oC (Figure 3.4).
Figure 3.2b is a very interesting image showing that the as-synthesized sample of HSN06
looked like chains of beads, but after either calcinations or solvent extraction, this morphology
was disrupted and broken down into individual hollow silica spheres, short chains of beads, or
aggregates (Figure 3.2c and d).
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Figure 3.2 Transmission electron microscopy images of HSNs synthesized at different
temperatures: (a) 14 oC, (b) 25 oC for as-synthesized HSN06, (c) calcined sample of HSN06, and
(d) ethanol extracted sample of HSN06.
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Figure 3.3 SAXS patterns of HSNs samples prepared at different initial synthesis temperatures
using Pluronic F108/toluene pair as the template, and aging at 100 oC.
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Table 3.2 Structural parameters for calcined silica samples synthesized at different initial
synthesis temperatures.a
Sample

Initial synthesis
temperature ( oC)

wKJS (nm)

SBET (m2/g)

Vt (cm3/g)

HSN01

14

43.6

838

1.23

HSN02

18

36.9

744

1.57

HSN03

20

30.4

681

1.44

HSN04

22

28.3

789

1.95

HSN05

23

22.7

771

1.81

HSN06

25

16

761

1.65

HSN07

r.t. (~25)b

16.1

807

1.75

Notationa: wKJS, pore diameter calculated by using KJS method for cylindrical mesopores; SBET,
BET specific surface area; Vt: total pore volume.
b

Sample synthesized without temperature control.
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Figure 3.4 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined HSNs
synthesized with Pluronic F108/toluene pair at different temperatures.

Figure 3.5 Scheme of a hollow silica sphere.
3.3.3 Effect of the swelling agents
As seen from previous studies, variety of organic compounds successfully served as micelle
expanders, including benzene and its alkyl-substituted derivatives32, linear hydrocarbons33, cyclic
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hydrocarbons34, and long-chain amines35. As seen in Figure 3.6, in the absence of a swelling
agent at 25 oC, no clear capillary condensation step was observed indicating that a swelling agent
is needed to form micelle-templated mesopores. In the presence of swelling agents, the micelletemplated synthesis of mesoporous silica materials worked in a way dependent on the type of the
swelling agent used. When TIPB or cyclohexane serves as the swelling agent, the prepared
samples displayed typical type IV isotherms, and there was just one capillary condensation step
(Figure 3.6), suggesting that the structure was consolidated and HSNs did not form under these
conditions, which was confirmed by TEM observation (Figure 3.7). It is understandable that a
swelling agent which solubilizes in Pluronics to a limited extent might not swell the micelles of
Pluronic F108 with low PPO content to a significant extent. Apparently, even a small amount of
TIPB can saturate the micelles, as seen from no appreciable increase in pore diameter when a
higher volume of TIPB was used (Figure 3.8). However, it is not clear why swelling agents that
are not taken up by micelles to an appreciable extent would disfavor the formation of hollow
nanospheres and instead promote the formation of consolidated structures.
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Figure 3.6 (a) Nitrogen adsorption isotherms, and (b) pore size distributions for calcined silica
samples synthesized at 25 oC in the absence of swelling agent and in the presence of different
swelling agents.

Figure 3.7 TEM images of HSNs samples synthesized at 25 oC with different swelling agents: (a)
TIPB, and (b) cyclohexane (after aging at 100 oC).
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Figure 3.8 Nitrogen adsorption isotherms (a) and pore size distributions (b) for calcined HSNs
initially synthesized at 25 oC with different amount TIPB.
At 25 oC, the other swelling agents, such as toluene, m-xylene, or ethylbenzene generated
well-defined hollow nanostructures with pores of diameter from 16 to 26 nm (Table 3.3).
Orthogonal experiments for the tuning of the pore voids were carried out on the variations of
both swelling agents and initial synthesis temperatures (Figure 3.9). Notably, the HSNs can be
synthesized with the inner pore size of 16-44 nm. At lower temperature (14-18 oC), the pore
cavity can be obtained at a larger size when using toluene as the swelling agent. At or near to the
room temperature (25 oC), Pluronic F108/toluene pair offers surprisingly small pore cavity;
whereas F108/ethylbenzene pair can give the largest pore diameter of 26 nm, followed by
F108/m-xylene pair (Figure 3.10 and 3.11). Interestingly, the internal diameter of the hollow
sphere increased as the temperature decreased for F108/toluene pair, following the behavior seen
for P123/TIPB in the synthesis of SBA-15 silica30,

32

. On the other hand, the temperature
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dependence of the pore size for F108/ethylbenzene and F108/m-xylene templates featured pore
size maxima at ~ 20 oC, and much narrower pore size range, which is somewhat similar to what
was seen in F127/TMB case29, and not much different from the performance of F108/toluene pair
in the synthesis of large-pore FDU-12 silica discussed in Chapter 2. Interestingly, when adopting
F108/ethylebnzene pair as the template, the silica samples synthesized at lower temperatures (14
o

C-18 oC) formed consolidated structures with spherical pores instead of the hollow spheres

(Figure 3.12). From the TEM images, it is obvious that increasing the initial synthesis
temperature is beneficial to get hollow spheres.
Table 3.3 Structural parameters for calcined silica samples synthesized at 25 oC with different
swelling agents.a
Sample

swelling agent

wKJS (nm)

SBET (m2/g)

Vt (cm3/g)

HSN08

N/A

N/A

730

0.36

HSN09

TIPB

13.1

840

0.58

HSN10

Cyclohexane

15.6

884

0.58

HSN06

Toluene

16.0

761

1.65

HSN11

m-Xylene

21.6

710

1.58

HSN12

Ethylbenzene

25.6

713

1.65

Notationa: wKJS, pore diameter calculated by using KJS method for cylindrical mesopores; SBET,
BET specific surface area; Vt: total pore volume.
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Figure 3.9 Inner pore diameter of calcined HSNs synthesized by using different swelling agents
as a function of the initial synthesis temperature.

Figure 3.10 Nitrogen adsorption isotherms (a), pore size distributions (b), and SAXS patterns (c)
for

calcined

silica

samples

initially

synthesized

at

different

temperatures

using

F108/ethylbenzene pair.
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Figure 3.11 Nitrogen adsorption isotherms (a), pore size distributions (b), and SAXS patterns (c)
for calcined silica samples initially synthesized at different temperatures using F108/m-xylene
pair.

Figure 3.12 TEM images of calcined silica samples synthesized using F108/ethylbenzene pair at
different temperatures: (a) 14 oC, (b) 18 oC, (c) 20 oC, (d) 22 oC, and (e) 25 oC.
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3.3.4 Effect of the framework precursors
Tetraethyl orthosilicate (TEOS) was selected as the silica precursor, and when the amount of
TEOS increased to reach the TEOS/F108 molar ratio of 145/1 at 25 oC (HSN 13), well-defined
HSNs were obtained with uniform pore diameter of ~ 18 nm, which is a little larger than that
obtained under a standard synthetic condition described earlier (TEOS/Pluronic F108 = 99/1,
HSN 06) (Figure 3.4). Perhaps some hydrophobic TEOS may enter the hydrophobic cores of the
micelles at an earlier stage of these syntheses, which may eventually enlarge the inner pore void.
It should be noted that a product obtained at 12 oC under otherwise these conditions was a
consolidated structure. When the same molar ratio of tetramethyl orthosilicate (TMOS) with
faster hydrolysis and condensation kinetics was selected as the silica source instead of TEOS
(TMOS/Pluronic F108 = 99/1), the well-defined sample HSN14 prepared using Pluronic
F108/toluene pair was successfully synthesized (Figure 3.13). It has a BET surface area of 757
m2g-1, and uniform pore diameter as much as 21 nm (Figure 3.14).

Figure 3.13 SAXS patterns of HSNs samples prepared with different silica precursors, using
F108/toluene pair as the template, and aging at 100 oC.
68

Chapter 3

Figure 3.14 Nitrogen adsorption isotherms (a) and pore size distributions (b) for silica samples
(after removal of surfactants) initially synthesized with different precursors using Pluronic
F108/toluene pair as the template.
Besides the pure siliceous hollow nanospheres, it is noteworthy that the soft-templating and
co-condensation method can be further extended to the synthesis of surface functionalized
mesoporous organosilica hollow spheres7 using Pluronic F108 as the structure-directing agent
and toluene as the swelling agent (Scheme 3.1). The framework precursor, TEOS, was
prehydrolyzed for 2 h, and an organosilane with functional groups (-C=C, -NH2, -CN-) was
added afterwards. From TEM images, organic/inorganic hybrid nanospheres clearly formed
(Figure 3.15), and their uniform pore void was still large enough, reaching more than 15 nm
(Figure 3.14 and Table 3.4).
Besides, we also attempted to incorporate organic groups into the framework of hollow silica
nanospheres. Ethylene- and phenylene-bridged organosilanes were selected to co-condense with
TEOS to form organic/inorganic hybrid HSNs. As illustrated in the Scheme 3.2, the well-defined
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hollow nanospheres can be formed, which is confirmed by TEM (Figure 3.16) and SAXS
patterns (Figure 3.17). The inner pore diameters are also quite large, more than 12 nm. This
direct synthesis method demonstrated here provides us a great opportunity for the preparation of
other products with tunable surface functionalities and compositions that can integrate the
organic groups with the hollow nanostructures.

Scheme 3.1 Synthetic route to the organic/inorganic hybrid hollow silica nanospheres with
pendant functional moieties.

Figure 3.15 TEM images of HSNs samples synthesized with different organosilane precursors at
a molar ratio of 1/9: VTMS/TEOS (a), APTES/TEOS (b) at 25 oC, and 1.5/8.5: TESPN/TEOS (c)
at 22 oC, respectively.
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Table 3.4 Structural parameters for calcined silica samples synthesized with different amount or
different kinds of precursors.a
Sample

Silica Source (mL)

wKJS (nm)

SBET (m2/g)

Vt (cm3/g)

HSN06

TEOS (1.5)

16.0

761

1.65

HSN13

TEOS (2.2)

17.8

707

1.68

HSN14

TMOS (1.0)

20.7

757

1.67

HSN15

VTMS/TEOS (0.17/1.98)

15.2

506

1.60

HSN16

APTES/TEOS (0.23/1.98)

17.9

412

0.81

HSN 17

TESPN/TEOS (0.27/1.50)

20.4

580

1.26

HSN 18

BTEE/TEOS (0.28/1.50)

12.8

786

1.33

HSN 19

BTEB/TEOS (0.30/1.50)

12.9

965

1.52

Notationa: wKJS, pore diameter calculated by using KJS method for cylindrical mesopores; SBET,
BET specific surface area; Vt: total pore volume.

Scheme 3.2 Synthetic route to the organosilica nanospheres with organic groups incorporated
into the framework.
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Figure 3.16 TEM images of HSNs samples synthesized with different organosilane precursors at
a molar ratio of 1/9: BTEE/TEOS (a) at 25 oC, and BTEB/TEOS (b) at 22 oC, respectively.

Figure 3.17 (a) Nitrogen adsorption isotherms, (b) pore size distributions, and (c) SAXS patterns
for silica samples HSN18 (calcined at 350 oC under Argon) and HSN19 (calcined at 250 oC
under air) that were initially synthesized with different organosilane precursors at a molar ratio
of 1/9: BTEE/TEOS (HSN18), and BTEB/TEOS (HSN19), respectively.
3.3.5 Effect of the hydrothermal treatment temperature
Besides the initial synthesis temperature, post-synthesis hydrothermal treatment temperature
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also plays a role in controlling the pore size of the hollow nanospheres. At 25 oC, without
hydrothermal treatment, the product could not be isolated by filtration. A part of the initially
prepared sol-gel solution was dialyzed at room temperature, filtered, and lyophilized into a white
powder. The TEM image revealed chains of connected hollow spheres (Figure 3.18a). After
calcination to remove the surfactant, the pore diameter was round 9.5 nm. Huo and co-workers36
also prepared HSNs using F127 as the template without any hydrothermal treatment, and an
approximate particle size of 6 nm was measured by Cryo-TEM. When the same batch of sol-gel
dispersion was aged at 60 oC/80 oC, the as-synthesized samples isolated by filtration were
demonstrated to be individual HSNs and chains of beads, but the particle size were not uniform
from high magnitude TEM images (Figure 3.18b). This is in accord with the results from XRD
patterns (Figure 3.19). Then, it can be seen that with the help of hydrothermal treatment at
different temperatures, the HSNs with hollow interior pore diameter from 9 to 16 nm can be
obtained (Figure 3.20, and Table 3.5).
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Figure 3.18 TEM images of the as-synthesized samples of HSN17 (a), and HSN19 (b) that were
not aged or aged at 80 oC, respectively.

Figure 3.19 XRD patterns of HSNs samples prepared at an initial synthesis temperature of 25 oC
using Pluronic F108/toluene pair as the template, but aging at different temperatures.
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Figure 3.20 Nitrogen adsorption isotherms for calcined hollow nanospheres hydrothermally
treated under different temperatures.
Table 3.5 Structural parameters for calcined silica samples synthesized at different hydrothermal
treatment temperatures.a
Sample

thermal treatment
temperature ( oC)

wKJS (nm)

SBET (m2/g)

Vt (cm3/g)

HSN20

r.t. (~ 25)

9.5

481

0.43

HSN21

60

10.7

655

0.60

HSN22

80

13.1

775

0.77

HSN06

100

16.0

761

1.65

Notationa: wKJS, pore diameter calculated by using KJS method for cylindrical mesopores; SBET,
BET specific surface area; Vt: total pore volume.
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3.4 Conclusion
The single-micelle-templating method allowed us to synthesize well-defined hollow silica
nanospheres at room temperature by decreasing the precursor/surfactant ratio. The inner
spherical voids and pore accessibility can be tuned by controlling synthesis conditions, such as
initial synthesis temperature, the kind of swelling agent, the kind of silica source, and the
hydrothermal treatment temperature. The inner diameter of spherical particles can be tuned from
9.5 nm to ~ 44 nm. The discussed synthetic strategy provides a convenient avenue for the
synthesis of hollow spherical particles as well as the organic/inorganic hybrid silica nanospheres.
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Chapter 4
A Simple Method to Fabricate Fluorescent Glucose
Sensor Based on Dye-complexed Microgels
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4.1 Introduction
The development of simple, miniature and reliable glucose sensors continues to be very
important in sensor research due to the continuing need for improvements in management of
diabetes and in control of fermentation processes.1-3 Currently, nearly all commercially available
glucose sensors function by indirect detection of hydrogen peroxide produced by enzymatic
oxidation of glucose with glucose oxidase.1,4-5 Although significant benefits have been achieved,
enzyme-based systems suffer from a number of limitations, including instability, difficult
sterilization, slow sensor time lags, and high cost. Consequently, there is widespread research
interest in alternative receptor-based approaches. These approaches would require systems
merely bind glucose in a reversible equilibrium process and respond to binding in a detectable
fashion. An optical response is especially favored because it can be detected remotely. For these
reasons, many glucose sensors have been developed based on the specific boronic acid-diol
binding using fluorescent protocol,6, 7 including the development of a series of boronic acid or
diboronic acid substituted organic dye molecules with specific spatial structures for fluorescent
glucose detection. 8-16 Singaram’s group developed a series of two-component sensing system,
comprising a fluorescent anionic dye and a cationic boronic acid substituted viologen, in which
the fluorescence of the dye is modulated in response to varying glucose concentrations.17,

18

However, these glucose sensing systems are not only complicated to synthesize, but also not easy
to be integrated into device.
Glucose-responsive polymer gels have several advantages as glucose sensing systems due to
their porous structures for carrying drugs, semi-solid property for easy engineering in shape
(beads, film, fiber, etc.), and potential biocompatibility for implantation. Since the first
preparation of boronic-acid-functionalized glucose sensitive hydrogels,19 many polymer gel-
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based glucose sensors have been developed based on the measurements of swelling pressure, 20
fluorescence intensity,21 a change in reflection hologram,22,
colloidal crystal array.

24-26

23

and diffraction of photonic

Our groups have recently developed a series of inorganic-polymer

hybrid microgels for optical glucose sensing, based on the immobilization of fluorescent
quantum dots (QDs) or metal nanoparticles (NPs) into the phenylboronic acid (PBA)
functionalized microgels.27-30 The glucose-induced reversible swelling/deswelling transition of
the PBA-functionalized microgel networks31 can modify the surface states of the embedded
inorganic NPs, and thus convert the disruptions in homeostasis of glucose level into fluorescent
signals. These small sized hybrid microgels demonstrated a rapid response to glucose
concentration change and can be potentially integrated into a miniature device. In addition, these
glucose sensitive hybrid microgels can be simultaneously used for self-regulated insulin release
to control the glucose level.29, 30
In this work, we aim to develop a simple and convenient approach to fabricate fluorescent
glucose sensors based on the complexation of water-soluble dye molecules with the PBA
functionalized microgel network. A commercially available low-cost anionic dye (Bordeaux R,
see Figure 4.1) was selected as a model to serve as the optical code. A copolymer microgel of
poly(N-isopropylacrylamide-acrylamide-acrylamidophenylboronic

acid)

[p(NIPAM-AAm-

PBA)], prepared from a simple precipitation polymerization in water, was used as template to
complex the Bordeaux dye molecules. While the PBA moieties are designed to reversibly bind
the glucose to induce the swelling/deswelling transition of microgels, the -NH2 groups in AAm
units are designed to bind with the two sulfonate groups in the Bordeaux R dye molecules to
form stable structures of the dye-containing microgels. In such a design, the dye molecules can
serve as additional crosslinkers. We expect that the glucose-induced swelling of the polymer
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network will produce stretching tensions on the dye molecules, which can shift the π-π stacking
of dye molecules and change the fluorescence intensity of the dye assemblies complexed in the
microgels. Thus, the swelling degree of the microgels at varying glucose concentrations can be
correlated to the optical signal change. Furthermore, the -NH2 groups in AAm units can interact
with the electron-deficient boron atom in the neighboring PBA groups through the Lewis acidbase interaction (Bδ-···Nδ+) to strengthen the PBA-glucose complexation at physiological pH,
thus improving the glucose sensitivity of the microgels at physiological pH. The dye-containing
microgel sensor exhibited good stability, high selectivity, and good reproducibility for detection
of glucose. The design of the dye-complexed microgels is extendable to many other dye
molecules with different emission wavelengths, which make it possible to engineer a miniature
optical glucose sensor workable in the near infrared (NIR) wavelength range for in vivo
continuous glucose monitoring.

Figure 4.1 Chemical structure of Bordeaux dye molecule
4.2 Experimental
4.2.1 Materials
D(+)-glucose and Bordeaux R dye were purchased from ACROS, and all other chemicals were
purchased from Aldrich. N-isopropylacrylamide (NIPAM) was recrystallized with a hexaneacetone mixture (v/v, 1:1) and dried under vacuum. Acrylic acid (AA) was purified by
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distillation under reduced pressure to remove inhibitors. Ammonium persulfate (APS), N-(3dimethylaminopropyl)-N’-ethyl-carbodiimide hydrochloride (EDC), acrylamide (AAm), 3aminophenylboronic acid (APBA), N, N’-methylenebisacrylamide (MBAAm), sodium dodecyl
sulfate (SDS), sodium L-lactate, D(+)-glucose, human serum albumin (HSA), and Bordeaux R
dye were used as received without further purification. The water used in all experiments was of
Millipore Milli-Q grade.
4.2.2 Synthesis of glucose responsive p(NIPAM-AAm-PBA) microgels
The synthesis of p(NIPAM-AAm-PBA) microgels involved two steps. First, the carboxylic
acid-containing p(NIPAM-AAm-AA) copolymer microgels were synthesized by free radical
precipitation copolymerization in water. Typically, a mixture of comonomers, NIPAM (1.403 g),
AAm(0.102 g), AA (0.115 g), crosslinker of MBAAm (0.0735 g), and dispersing surfactant SDS
(0.050 g) were dissolved in 95 mL water in a 250 mL three-neck round-bottom flask equipped
with a stirrer, a nitrogen gas inlet and a condenser. The mixture was heated to 70 °C under a N2
purge. After 30 min, 5 mL of 0.089 M APS was added to initiate the polymerization. The
reaction was allowed to proceed for 4 h. The obtained p(NIPAM-AAm-AA) copolymer
microgels were purified by centrifugation (Thermo Electron Co. SORVALL RC-6 PLUS
superspeed centrifuge, 20,000 rpm, 35 oC, 30 min), decantation, washing with water, and dialysis
for 3 days (Spectra/Por molecularporous membrane tubing, cutoff 12,000-14,000) against
frequently changed water at room temperature (

22 oC). The purified microgels were then

functionalized with PBA groups through the coupling reaction of APBA to the carboxylic acid
groups of the AA segments in the copolymer networks. Typically, APBA (0.243 g, 0.031 M) and
EDC (0.238 g, 0.031 M) were dissolved into 40 mL of the pre-cooled p(NIPAM-AAm-AA)
microgel aqueous dispersion (~ 0 oC). The reaction mixture was stirred for 4 h in an ice-bath to
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allow the completion of the reaction. The resulting p(NIPAM-AAm-PBA) microgels were then
purified by dialysis against frequently changed water.
4.2.3 Preparation of p(NIPAM-AAm-PBA)-Bordeaux R composite microgels
To fabricate the p(NIPAM-PBA-AAm)-Bordeaux R composite microgels, 30 mL of
p(NIPAM-AAm-PBA) microgel dispersion was stirred for 1 h in an ice-bath. Meanwhile,
Bordeaux R dye aqueous solution was prepared by dissolving 0.024 g of Bordeaux R dye sample
in 20 mL of water. After that, the dye solution was added dropwise to the pre-cooled p(NIPAMAAm-PBA) microgel suspension. The mixture was continuously stirred for 2 days in an ice-bath.
The resulting dye-containing microgels were then purified for at least 2 weeks through the
dialysis against very frequently changed water at room temperature until the dialyzed water
became clear and colorless.
4.2.4 Glucose sensing experiments
The dye-containing microgels were adjusted to an appropriate concentration of 76.0 μg/mL for
all measurements. To study the glucose-responsive optical properties, photoluminescence (PL)
spectra were recorded on the dye-containing microgels in phosphate buffer solutions (PBS 5.0
mM, pH = 8.80 or 7.37) at different glucose concentrations. For the interference tests, different
interferents at appropriate amounts were mixed into the glucose solutions.
4.2.5 Characterization
The FTIR spectra were recorded with a Nicolet Instrument Co. MAGNA-IR 750 Fourier
transform infrared spectrometer. The UV-vis absorption spectra were obtained on a Thermo
Electron Co. Helios β UV-vis spectrometer. The PL spectra were obtained on a JOBIN YVON Co.
FluoroMax-3 Spectrofluorometer. The pH values were measured on a METTLER TOLEDO
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SevenEasy pH meter. The transmission electron microscopy (TEM) images were taken on a FEI
TECNAI transmission electron microscope operating at an accelerating voltage of 120 kV.
Approximately 30 μL of the hybrid microgel dispersion was air-dried on a carbon-coated copper
grid for the TEM measurements.
Small-angle X-ray scattering (SAXS) measurements were carried out on a Bruker NanoStar
SAXS system. The dye-containing microgel dispersions were concentrated and placed into the
capillary sample holders. The incident X-ray wavelength (λ) was 1.541 Å (Rotating Anode Cu-Ka
source). The scattering vector q is expressed as q = (4π/λ) sin θ, with 2θ being the scattering
angle between the incident and the scattered X-rays. The d spacing of the ordered structures was
calculated as d = 2π/qmax.
Dynamic light scattering (DLS) was performed on a standard laser light scattering
spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator (Brookhaven
Instruments, Inc.). A Nd:YAG laser (150 mW, 532 nm) was used as the light source. All dyeincorporated microgels were passed through Millipore Millex-HV filters with a pore size of 0.45
μm to remove dust before the measurements. The measurements were made at 22.2 °C and a
scattering angle (θ) of 45o. In DLS, the Laplace inversion of each measured intensity-intensity
time correlated function can result in a characteristic line width distribution G(Г).32 For a purely
diffusive relaxation, Г is related to the translational diffusion coefficient D by (Г/q2)c→0,q→0=D,
where q = (4πn/λ)sin θ, with n, λ, and θ being the solvent refractive index, the wavelength of the
incident light in vacuo, and the scattering angle, respectively. G(Г) can be further converted to a
hydrodynamic radius (Rh) distribution by using the Stokes-Einstein equation, Rh = (КBT/6πη)D-1,
where T, КB, and η are the absolute temperature, the Boltzmann constant, and the solvent
viscosity, respectively.
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4.3 Results and discussion
4.3.1 Synthesis and structure of p(NIPAM-AAm-PBA)-Bordeaux R composite microgels
The synthesis of p(NIPAM-AAm-PBA)-Bordeaux R composite microgels involve first
synthesis of glucose-responsive p(NIPAM-AAm-PBA) microgels, followed by the complexation
with Bordeaux R dye molecules. The glucose-responsive p(NIPAM-AAm-PBA) microgels were
prepared from the functionalization of p(NIPAM-AAm-AA) microgels with APBA (Scheme
4.1).

Scheme 4.1 Synthetic route to the composite microgel modified with 3-aminophenylboronic acid
(APBA) and Bordeaux R dye molecules.
Figure 4.2a shows the FTIR spectrum of the p(NIPAM-AAm-AA) microgels. Besides the
absorption peaks of amide I band (1651 cm-1) and amide II band (1541 cm-1), a small peak at
1716 cm-1 is observed, which can be assigned to the stretching of uncharged dimerized or
associated form of carboxylic group of AA units.31 After coupling with the APBA groups, the
peak at 1716 cm-1 disappeared, indicating that the carboxylic acid groups in the p(NIPAM-AAmAA) microgels are almost completely reacted with APBA to form the glucose-responsive
p(NIPAM-AAm-PBA) microgels (Figure 4.2b). The complexation with Bordeaux R dye
molecules induce a subtle shift of the amide II band from 1541 cm-1 in the p(NIPAM-AAm-PBA)
microgels to 1537 cm-1 in the resulting p(NIPAM-AAm-PBA)-Bordeaux R composite microgels
(Figure 4.2c). Furthermore, the original strong signal at 1039 cm-1 attributed to the symmetrical
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stretching vibration of the sulfonate groups33, 34 in free Bordeaux dye molecules (Figure 4.2d) is
nearly invisible in the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels. Based on the
changes of amide II and sulfonate bands, we deduce that the immobilization of the Bordeaux dye
molecules in the p(NIPAM-AAm-PBA) microgels are driven through the reaction of sulfonate
groups in Bordeaux R dye molecules (in acid form) with the -NH2 groups in the AAm units of
the p(NIPAM-AAm-PBA) microgels.33, 35

Figure 4.2 FTIR spectra of (a) p(NIPAM-AAm-AA) template microgels, (b) p(NIPAM-AAmPBA) microgels, (c) p(NIPAM-AAm-PBA)-Bordeaux R composite microgels, and (d) free
Bordeaux R dye solution.
Figure 4.3 shows the typical TEM images of the p(NIPAM-AAm-PBA) template microgels (a)
and the p(NIPAM-AAm-PBA)-Bordeaux R dye composite microgels (b), respectively. While
both the template and dye-composited microgels exhibit spherical morphology and nearly
uniform particle size distribution, the dye-containing microgels have an obviously decreased
particle size and high contrast core-shell-like structure (Figure 4.3b), which further indicate that
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the water soluble Bordeaux R dye molecules can freely diffuse into the interior of microgels and
then be immobilized. Because each of the Bordeaux R dye molecules has two sulfonate groups to
attach to the -NH2 groups from different AAm units on the microgel network chains, the
Bordeaux R dye molecules can function as additional cross-linkers, which results in a shrinkage
of microgels and thus a size reduction. The apparent darker contrast in the TEM images of the
dye-composited microgels than that of the template microgels can be attributed to the higher
electron density of the Bordeaux R dye assemblies than that of the original microgel polymer
network.

Figure 4.3 Typical TEM images of (a) p(NIPAM-AAm-PBA) and (b) p(NIPAM-AAm-PBA)Bordeaux R dye composite microgels.
Figure 4.4 shows the SAXS results of the p(NIPAM-AAm-PBA) template microgels (a) and
the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels (b) dispersed in PBS buffer of pH =
8.8, respectively. The SAXS curve from the p(NIPAM-AAm-PBA) template microgel dispersion
shows no scattering peaks within the q range of our experiment, indicating the absence of
periodic domains. In contrast, the p(NIPAM-AAm-PBA)-Bordeaux R composite microgel
dispersion shows a weak and broad scattering peak, indicating the presence of periodic domains,
but no long-range highly-ordered structures. The Bordeaux R organic molecules could form
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assemblies in the interior of microgels via π-π stacking interactions between the hydrophobic πconjugated rings, which can be further immobilized in the interior of microgel network through
the reaction of sulfonate groups on dye molecules with the amide groups on the copolymer
network chains of microgels. These dye-assembled domains are not uniform in size or shape and
do not pack into highly ordered structures.

Figure 4.4 SAXS curves of microgel dispersions in PBS buffer of pH = 8.8: (a) p(NIPAMAAm-PBA) microgels, (b) p(NIPAM-AAm-PBA)-Bordeaux R composite microgels, and (c)
p(NIPAM-AAm-PBA)-Bordeaux R composite microgels in the presence of 20 mM glucose.
4.3.2 Glucose-responsive volume phase transitions of p(NIPAM-AAm-PBA)-Bordeaux R
composite microgels
As expected, the size of PBA-modified p(NIPAM-AAm-PBA) microgels is glucose dependent.
Figure 4.5a shows the Rh values of p(NIPAM-AAm-PBA) microgels dispersed in PBS buffer
solutions in the presence of different amount of D-glucose at pH = 8.80 and 7.37, respectively.
Clearly, the addition of glucose can induce an increase in the size of the p(NIPAM-AAm-PBA)
microgels at both pH values. The complexation of PBA with D-glucose can generate a favorable
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anionic boronate form and increase the degree of ionization of microgel network (Figure 4.6),
which builds up a Donnan potential and causes that a microgel network swells. However, the
microgels are much more sensitive to the glucose concentration change at pH = 8.80 than at pH
= 7.37 due to the high pKa (~ 8.8) of PBA.36 For example, the average Rh value of the p(NIPAMAAm-PBA) microgel particles changes from 140.5 nm to 215 nm as glucose concentration is
increased from 0 to 15 mM at pH = 8.80 (Rh,15

mM/Rh, 0 mM

= 1.53). In contrast, the same

microgels only demonstrate a mild swelling degree at pH = 7.37 (Rh,15 mM/Rh, 0 mM = 1.18) in
response to the glucose concentration increase from 0 to 15 mM. The reason is that most of the
PBA groups in the microgels are uncharged at pH = 7.37 (far below the pKa ~ 8.8). The complex
of uncharged PBA with glucose is unstable and easy to be hydrolyzed. Although the -NH2 groups
of the AAm units on the p(NIPAM-AAm-PBA) copolymer network can reduce the pKa of
neighboring PBA slightly, there is still only a small amount of PBA groups that can complex
with glucose to form stable anionic boronate complexes at pH = 7.37. Thus, the microgels can
only exhibit small degree of glucose-sensitive swelling at pH = 7.37.
Interestingly, the incorporation of Bordeaux R dye molecules into the p(NIPAM-AAm-PBA)
copolymer microgels has no effect on the glucose sensitivity of microgels. As shown in Figure
4.5b, the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels continuously swell with an
increase in the glucose concentration until the copolymer network chains stretches to the
maximum when the glucose concentration is above 15 mM. The maximum swelling degree of
the dye-containing microgels, in terms of Rh,20 mM/Rh,0 mM, has nearly the same value as that of the
template p(NIPAM-AAm-PBA) microgels at the corresponding pH values, indicating that the
dye-containing microgels maintain the same glucose sensitivity as the template microgels.
Figure 4.4c shows the typical SAXS curve of the p(NIPAM-AAm-PBA)-Bordeaux R composite
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microgels in the presence of 20 mM glucose. In comparison with the SAXS curve of the dyecomposited microgels in the absence of glucose, no obvious change was observed in terms of the
peak shape and width. However, the presence of 20 mM glucose in the dye-containing microgels
shifted the peak position qmax to 0.34 Å-1 from the original 0.37 Å-1 obtained from the microgels
in the absence of glucose, which indicates an increase in the average inter-domain distance (d =
2π/qmax) of dye assemblies. The swollen dye-containing microgel particles retain a nearly
monodisperse size distribution after the addition of different amount of glucose (Figure 4.7).
These results indicate that the addition of glucose can induce the swelling of the dye-containing
microgels, but have no significant effect on the structure of assembled dye domains immobilized
in the microgel networks. It should be noted that the Rh values of the dye-containing microgels
are always smaller than the Rh values of the template p(NIPAM-PBA-AAm) microgels under the
same conditions in terms of glucose concentrations and pH values due to the crosslinking effect
of dye molecules. For example, the dye-containing microgel has an Rh of 117.8 nm in the PBS
buffer of pH = 8.8, which is 16% smaller than the Rh of 140.5 nm of the template microgels
under the same condition. The dye-induced size decrease of the microgels determined from DLS
method is in accord with that observed from TEM images.
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Figure 4.5 Average Rh value of (a) p(NIPAM-AAm-PBA) microgels and (b) p(NIPAM-AAmPBA)-Bordeaux R composite microgels as a function of glucose concentration at pH = 8.80 (■)
and pH = 7.37(●), respectively, measured at T = 22.2oC and a scattering angle θ = 45o.

Figure 4.6 Schematic illustration of the glucose-induced volume phase transition mechanism of
the dye-containing nanogels.
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Figure 4.7 Size distributions of the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels at
different glucose concentrations, measured at T = 22.2oC, pH = 8.80, and a scattering angle θ =
45o.
4.3.3 Glucose sensitive optical properties of the p(NIPAM-AAm-PBA)-Bordeaux R
composite microgels
The UV-vis spectra indicates that the optical properties of the Bordeaux R dye assemblies
exhibit no significant changes, no matter whether they are freely dispersed in aqueous solutions
or embedded in the microgel network (Figure 4.8). However, the glucose-induced swelling of
the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels could generate elastic tension on
those dye molecules attached on the microgel network, which can stretch the dye assemblies and
thus affect the photoluminescence (PL) properties of the Bordeaux R dye assemblies.
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Figure 4.8 Comparison of the UV-vis spectra of Bordeaux R dye molecules (a) freely dispersed
in aqueous solution and (b) immobilized in the interior of p(NIPAM-AAm-PBA) microgel.
Figure 4.9 displayed the glucose-induced evolution of PL emission spectra of the dyecontaining microgels at pH = 8.80 (a) and pH = 7.37 (b), respectively. The PL peak of the
Bordeaux R dye assemblies in the microgels shifted from 630 nm to 615 nm when pH was
changed from 8.8 to 7.37. At both pH values, the PL intensity of the embedded dye assemblies is
gradually quenched when the microgels gently swell up in response to the addition of D-glucose.
Figure 4.9c summarizes the glucose sensitive PL quenching of the Bordeaux R dye assemblies
embedded in the glucose responsive microgels. In comparison with the glucose sensitive
swelling curves shown in Figure 4.5b, two features should be noted. First, the PL quenching
degree of the Bordeaux R dye assemblies increases with the gradual increase in glucose
concentration from 0 mM to 15 mM, and then levels off at higher glucose concentrations. This
trend is exactly the same as the glucose-induced swelling curve, where the microgel networks
gradually swell with increasing the glucose concentration from 0 to 15 mM until stretching to
nearly a maximum at higher glucose concentrations, confirming that the PL quenching of the dye
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assemblies immobilized in the microgels is induced by the swelling of microgel networks. The
PL quenching triggered by the glucose-sensitive swelling degree of microgels can be explained
as follows. The Bordeaux R dye molecules have two sulfonate groups to react with the AAm
units in the microgel network chains. Thus, the dye molecules serve as additional crosslinkers.
With the increase in glucose concentration, the microgel network chains tend to be stretched, but
the cross-linking of the polymer chains hinders the network expansion. The stretching tensions
exerted on the dye molecules will shift the π-π stacking of the dye assemblies, and thus quench
the PL intensity of the dye assemblies. The linear plot shown in Figure 4.9d shows the glucosedependent PL properties of the composite microgels. Second, the small swelling degree of the
microgel networks can induce a significant PL quenching of the dye assemblies embedded in the
microgels. For example, the PL quenching of Bordeaux R dye molecules can reach as high as 57%
and 45% for the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels at pH = 8.80 and 7.37,
respectively, while the corresponding maximum swelling degree of the dye-composited
microgels is only ~ 1.5 and 1.1 at pH = 8.80 and 7.37, respectively. This result demonstrates that
the p(NIPAM-AAm-PBA)-Bordeaux R composite microgel systems can be potentially used as
fluorescent chemosensor for the quantitative detection of glucose.
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Figure 4.9 (ab) PL spectra of p(NIPAM-AAm-PBA)-Bordeaux R composite microgels as a
function of glucose concentration in the PBS of pH = 8.80 (a) and pH = 7.37 (b), respectively; (c)
The quenched PL intensity of the composite microgels as a function of glucose concentration;
and (d) The linear plots of the glucose-responsive PL properties in the reciprocal space of the
composite microgels in PBS of pH = 8.80 (■) and pH = 7.37 (▲), respectively. The excitation
wavelength was 520 nm.
To examine the optical signal stability of the p(NIPAM-AAm-PBA)-Bordeaux R composite
microgels as a glucose sensor, the PL intensity change of the dye-containing microgels dispersed
in two different glucose concentrations was repeatedly monitored. The polymer networks of
microgels swell up in the presence of 20 mM glucose, resulting in a quenched PL intensity. The
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dialysis against water of the dye-containing microgels can remove the glucose molecules initially
bound to the PBA groups, which leads the polymer networks of dye-composited microgels to
reversibly shrink, and thus the PL intensity can be recovered. Figure 4.10 exhibits the PL
quenching and recovery results of the Bordeaux R containing microgels through the five
swelling/shrinking cycles. The results show that the PL intensity of the p(NIPAM-AAm-PBA)Bordeaux R composite microgels is reversible upon the repeated cycles of addition and dialysis
removal of glucose in the dispersion medium, except the total ~ 5% loss of the PL intensity from
the first two cycles. This result indicates a good stability of the dye assemblies embedded in the
microgels regardless of the swelling and shrinking process, which makes it possible for the dyecontaining microgels to be used as a glucose detector.

Figure 4.10 PL quenching and recovery cycles of the p(NIPAM-AAm-PBA)-Bordeaux R
composite microgels upon the repeated addition (20 mM) and dialysis removal of glucose (0 mM)
in the dispersion medium of microgels at pH = 8.80.
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4.3.4 Interference of L-lactate and human serum albumin on the glucose sensing of the
p(NIPAM-AAm-PBA)- Bordeaux R composite microgels
In addition to glucose, the PBA groups on the composite microgel network chains can also
bind other cis-diol metabolites. Typically, the concentration of other monosaccharides in blood is
very low (< 0.1 mM). The major interferent of concern for boronic-acid-based glucose sensors is
lactate. We investigated the glucose sensing ability of the p(NIPAM-PBA-AAm)-Bordeaux R
composite microgels towards the interferences from lactate via monitoring the change of PL
intensity. Figure 4.11a shows the impact of a range of lactate concentrations (1-5 mM) on the
glucose sensing response of the dye-containing microgels. The competitive binding of lactate to
the PBA groups in the microgels reduces the glucose binding degree, thus decreases the glucose
sensitivity of the dye-containing microgels. The presence of 5 mM lactate caused about 1-5%
decrease in the glucose-induced PL quenching degree at glucose concentration range ≤ 20 mM.
However, since the blood lactate concentration is usually between 0.36-0.75 mM in a healthy
resting adult,25, 37 our experimental results indicate that the dye-composited microgels can avoid
the significant interference from lactate, as there is only < 2% decrease in the glucose-induced
PL quenching in the presence of 1 mM lactate when the glucose concentration is below 10 mM.
On the other hand, human serum albumin (HSA), the most abundant protein in human serum,
is known to undergo a slow non-enzymatic glycation process.25, 37 The PBA moieties on the
microgels are capable of binding HSA. The addition of glucose and subsequent glycosylation of
the HSA protein can further elevate its role as a competitive binder. As the HSA molecule is
larger than the glucose molecule, the initial binding of HSA within the microgel hinders the
accessibility of the PBA sites normally accessible to glucose. The binding of larger HSA to the
PBA sites of microgels can cause a larger swelling degree, thus lead to a larger degree of PL
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quenching.25, 28 Figure 4.11b shows the glucose-induced PL quenching of the p(NIPAM-PBAAAm)-Bordeaux R composite microgels in the presence of HSA at a concentration of 44 g/L
typically found in serum. The presence of 44 g/L HSA in the dispersion medium of the dyecomposited microgels increases the glucose-induced PL quenching degree, resulting in a slight
increase in the glucose responsive sensitivity. However, the HSA-induced increase in the
glucose-responsive PL quenching is not significant (< 3%) at glucose concentrations ≤15 mM.

Figure 4.11 Glucose response of the p(NIPAM-AAm-PBA)-Bordeaux R composite microgels
dispersed in PBS buffer of pH = 7.37 in the presence of different amount of (a) L-lactate (□: 0
mM; ∆: 1.0 mM; ▲: 5.0 mM) and (b) HSA (□: 0 mM; ■: 44 g/L), respectively.
4.4 Conclusion
A convenient and simple method was developed to fabricate a fluorescent glucose sensor
based on the complexation of low-cost commercially available anionic Bordeaux R dye
molecules with the functionalized glucose-responsive p(NIPAM-AAm-PBA) copolymer
microgels. The amide groups on the microgel network chains can bind the two sulfonate groups
of each dye molecules, which makes the dye molecules acting as additional crosslinkers and
enables the structures of dye-containing microgel very stable. The dye molecules can assemble
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together through π-π stacking and form stable, but non-uniform structural domains in the
microgel network. The increase in glucose concentration can continuously swell the PBA
functionalized microgel until the copolymer network chains stretch to a maximum at the glucose
concentrations above 15 mM. The glucose-induced swelling of microgels can stretch the dye
molecules and shift the π-π stacking in the dye domains, leading to a fluorescence quenching of
dye assemblies. Thus, the variation of glucose concentration can be converted to optical signal
change. The dye-containing microgel sensor displayed good stability, good reproducibility, and
high selectivity for glucose detection in the physiologically important glucose concentration
range (0-20 mM). The method developed in this work should be extendable to other dye
molecules with desirable emission wavelengths such as biologically favorable NIR range, which
makes it possible to engineer a low-cost miniature optical glucose sensor for continuous in vivo
monitoring of glucose level.
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Chapter 5
Facile One-pot Synthesis of Organic Dye-Complexed
Microgels for Optical Detection of Glucose at
Physiological pH
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5.1 Introduction
The quantitative determination of glucose concentration is one of the most important
analytical tasks. Besides the high demand for blood glucose monitoring in rapidly increasing
number of diabetic patients, glucose detection is also required in biotechnology, feed and food
industry, and biochemistry in general.1-4 The majority of current glucose determination methods
utilize the glucose oxidase as the glucose recognition component.1-5 Lectin-modified system is
another tool to induce the glucose competitive binding with these protein molecules (e.g. Con
A).1-4,6-7 However, these protein-based systems suffer from poor stability (due to denaturation or
irreversible aggregation) and high cost when used for continuous sensing.5,8-10 To overcome
these problems, the synthetic arylboronic acids that can reversibly bind diols open a new avenue
for glucose sensors.1-4,11,12 Many boronic acid substituted dye molecules have been prepared for
optical glucose detection over the last decades.11-21 With the molecular design on structures and
functional groups, the glucose selectivity of these fluorescent sensors could be significantly
improved.19-21 However, the synthesis of these boronic acid substituted dye molecules is still
challenging and most of these systems could not work at the physiological pH due to the high
pKa (~ 8.9) of boronic acid. Singaram’s group2,

22-24

developed a series of multicomponent

systems that could sense glucose level at near physiological pH, comprising fluorescent dye and
boronic-acid-substituted viologen. The problem is that it usually requires a lot of work to
synthesize these organic quenchers/receptors.
Microgels have several advantages as glucose sensing systems due to their porous structures
for carrying drugs, rapid response to environmental change, semi-solid property for easy
engineering, and potential biocompatibility for implantation.10,25,26 Boronic acid-based
microgels either with inorganic nanoparticles (NPs) or dye molecules immobilized inside them
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have been recently developed by us and others for optical glucose sensing.27-31 However, some of
these systems do not have high glucose sensitivity at physiological pH. Moreover, all these
systems require multiple-step synthesis and fabrication from the specially synthesized NPs or
glucose sensitive fluorescent monomers.
Herein, we report a facile one-pot strategy to synthesize dye-containing microgels capable of
continuous fluorescent glucose sensing at physiological pH. All the building materials for the
microgel sensing system are commercially available and low cost. Specifically, three functional
co-monomers [N-isopropylacyamide (NIPAM), 4-vinylphenyl boronic acid (VPBA), 2-vinyl4,6-diamino-1,3,5-triazine (VDT)] and Bordeaux R dye (Figure 5.1) placed in one pot can be
readily fabricated into monodispersed dye-complexed microgel particles via free radical
precipitation polymerization in water. The NIPAM was designed to enable the precipitation
polymerization of these water-soluble co-monomers because the poly(NIPAM)-dominant
copolymers were insoluble at a reaction temperature of 70 °C. The VPBA with boronic acid
moiety was designed for reversible glucose binding. The VDT, a Lewis base with two amino
groups on the s-triazine ring, was designed to (1) complex with Bordeaux R dye molecules for
optical code through the reaction of its amino groups with the sulfonate groups in the dye
molecules, and (2) improve the glucose sensitivity of the microgels at physiological pH via the
intramolecular B-···N+ bonds that can lower the pKa of the PBA moiety through the neighboring
effect (Figure 5.2).32-37
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Figure 5.1 Chemical structures of the co-monomers and the Bordeaux R dye molecule.

Figure 5.2 Schematic illustration of the glucose-induced volume phase transition mechanism of
the dye-composited nanogels.
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5.2 Experimental
5.2.1 Materials
D(+)-glucose and Bordeaux R dye sample were purchased from ACROS, 2-vinyl-4,6diamino-1,3,5-triazine (VDT) was obtained from TCI America, and all other chemicals were
purchased from Aldrich. N-isopropyl acrylamide (NIPAM) was recrystallized with a hexaneacetone mixture (v/v 1:1) and dried under vacuum. 4-vinylphenylboronic acid (VPBA), N,N’methylenebisacrylamide

(MBAAm),

sodium

dodecyl

sulfate

(SDS),

2,2’-azobis(2-

methylpropionamidine) dihydrochloride (AAPH), sodium L-lactate, D(+)-glucose, human serum
albumin (HSA), and Bordeaux R dye sample were used as received without further purification.
The water used in all experiments was deionization water.
5.2.2 One-pot synthesis of the poly(NIPAM-VPBA-VDT)-dye composite microgels
The strategy for fabrication of dye-containing microgels is via free radical precipitation
polymerization reaction. Firstly, Bordeaux R dye molecules and VDT were mixed in 120 mL of
water, and stirred for 30 min. VDT with amino functional groups can complex with sulfonic acid
groups from Bordeaux R dye molecules, so the solubility of the VDT dramatically increased in
an aqueous solution. Then, NIPAM, VPBA, and dye-complexed VDT can be copolymerized in
one pot by using AAPH as an initiator. The feeding composition is shown in Table 5.1.
Typically, a mixture of NIPAM, Bordeaux R dye-complexed VDT, VPBA (0.115 g), MBAAm
(0.018 g), SDS (0.020 g) was put in a 250 mL three-neck round-bottom flask equipped with a
stirrer, a nitrogen gas inlet, and a condenser. The mixture was heated to 70 oC under a N2 purge.
After 30 min, 2 mL of 0.089 M AAPH was added to initiate the polymerization. The reaction
was allowed to proceed for 4 h. The obtained poly(NIPAM-VPBA-VDT)-dye composite
microgels were purified by centrifugation (Thermo Electron Co. SORVALL RC-6 PLUS
109

Chapter 5
superspeed centrifuge, 20,000 rpm, 35 oC, 30 min), decantation, and then washed with water.
The resultant dye-containing microgels were further purified by dialysis for 2 weeks (Spectra/Por
molecularporous membrane tubing, cutoff 12,000-14,000) against frequently changed water at
room temperature (

22 oC) until the dialyzed water became colorless. The dye-containing

microgels with different feeding amount of VDT are coded as PTB-1 (1 mol%), PTB-5 (5
mol%), and PTB-10 (10 mol%), respectively.
Table 5.1 Feeding composition for synthesis of poly(NIPAM-VPBA-VDT)-dye composite
microgels
Sample

NIPAM
(g)

VPBA
(g)

VDT
(g)

Bordeaux R.
(g)

MBAAm
(g)

SDS
(g)

PTB-1

0.708

0.115

0.011

0.033

0.018

0.020

PTB-5

0.719

0.115

0.053

0.167

0.018

0.020

PTB-10

0.675

0.115

0.106

0.334

0.018

0.020

5.2.3 Characterization
The transmission electron microscopy (TEM) images were taken on a FEI TECNAI
transmission electron microscope at an accelerating voltage of 120 kV. Approximately 30 μL of
the dye composite microgel dispersion was air-dried on a carbon-coated copper grid for the TEM
measurements.
Dynamic light scattering (DLS) was performed on a standard laser light scattering
spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator (Brookhaven
Instruments, Inc.). A He-Ne laser (35 mW, 633 nm) was used as the light source. All dyecontaining microgels were passed through Millipore Millex-HV filters with a pore size of 0.80
μm to remove dust before the measurements. All measurements were made at ~ 37 oC. In DLS,
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the Laplace inversion of each measured intensity-intensity time correlated function can result in
a characteristic line width distribution G(Г). For a purely diffusive relaxation, Г is related to the
translational diffusion coefficient D by (Г/q2)c→0,q→0 = D, where q = (4πn/λ)sin(θ/2), with n, λ,
and θ being the solvent refractive index, the wavelength of the incident light in vacuo, and the
scattering angle, respectively. G(Г) can be further converted to a hydrodynamic radius (Rh)
distribution by using the Stokes-Einstein equation, Rh = (КBT/6πη)D-1, where T, КB, and η are the
absolute temperature, the Boltzmann constant, and the solvent viscosity, respectively.
The UV-vis absorption spectra and absorbance values of the hybrid microgel dispersions were
obtained on a Thermo Electron Co. Helios β UV-vis Spectrometer. The PL spectra of the hybrid
nanogel dispersions at various glucose concentrations were obtained on a JOBIN YVON Co.
FluoroMax-3 spectrofluorometer equipped with a Hamamatsu R928P photomultiplier tube and a
calibrated photodiode for excitation reference correction from 200 to 800 nm, with an integration
time of 1 s. To confirm all emissions, the PL spectra were also recorded on a VARIAN CARY
Eclipse fluorescence spectrophotometer equipped with R928 photomultiplier tubes and selfoptimized light filters.
5.3 Results and discussion
5.3.1 Structure of p(NIPAM-VPBA-VDT)-Bordeaux R dye composite microgels
Figure 5.3 shows the typical TEM images of the one-pot synthesized poly(NIPAM-VPBAVDT)-dye composite microgels synthesized at different feeding amount of VDT comonomer,
with PTB-10, PTB-5, and PTB-1 corresponding to the feeding amount of VDT at 10 mol%, 5
mol%, and 1 mol%, respectively. For PTB-10, a very interesting morphology like octopus
vulgaris was observed. The enlargement of Figure 5.3a demonstrated two shapes of PTB-10
microgel particles dispersed on the copper grid. One seems like the top-down view of the
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octopus vulgaris vertically falling on the copper grid and the other is a side profile. When the
feeding amount of VDT was reduced to 5 mol%, a similar structure of the PTB-5 microgels was
observed, but the shell of PTB-5 is much thinner (~ 15 nm) than that of PTB-10. Further
decreasing the feeding of VDT to 1 mol%, the structure became ambiguous and the PTB-1
microgel particle is in a spherical shape. Obviously, the more VDT comonomer was fed in the
one-pot synthesis of composite microgels, the thicker the branched shell was. The interesting
structure with a bulky shell should be induced from the “long-range” assembly of the dye
molecules because the dye molecules were pre-complexed on the VDT monomers in water
before the polymerization via the reaction between the amino groups on the VDT and the
sulfonate groups (in acid form) on the dye molecules. There are two sulfonate groups per dye
molecules, thus both 1:1 (one VDT to one dye) and 2:1 (two VDT to one dye) complexes could
be formed. The 1:1 VDT-dye complex with one free sulfonate group should have high water
solubility, which actually improved the water-solubility of VDT significantly. After the
precipiation copolymerization was initiated in water at 70 ºC, the uncharged hydrophobic
polymer segments from VPBA, NIPAM, and 2:1 VDT-dye complexes could be dominantly
distributed in the core area, while the anionic polymer segments containing the 1:1 VDT-dye
complexes prefer to expose themselves to the exterior area toward the aqueous media. The strong
π-π interactions between the π-electron rich domains in the dye molecules and triazine rings
could induce the assembly of the dye molecules38-40 and extend the structures to form thick shell.
The assembling degree of dye molecules on the microgels could be also inferred from the UV-vis
absorption curves (Figure 5.4). Compared to the free dye solutions, the PTB-10 microgels with
thick long-range-assembled dye-containing shell shows a clear blue-shift, indicating a close
packing of dye molecules by π-π interactions. For PTB-5 and PTB-1 microgels, the limited dye

112

Chapter 5
molecules with less ordered assembly on the shell did not cause a significant band shift.

Figure 5.3 Typical TEM images of poly(NIPAM-VPBA-VDT)-Bordeaux R composite
microgels: PTB-10 (a), PTB-5 (b), and PTB-1 (c).

Figure 5.4 UV-Vis absorption curves of (a) the Bordeaux R dye solution in 5 mM PBS buffer of
pH = 7.47, and (b-d) the poly(NIPAM-VPBA-VDT)-dye composite microgels dispersed in 5
mM PBS buffer of pH = 7.47: PTB-1 (b), PTB-5 (c), and PTB-10 (d).
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5.3.2 Volume phase transitions of p(NIPAM-VPBA-VDT)-Bordeaux R dye composite
microgels
As expected, the poly(NIPAM-VPBA-VDT)-dye composite microgels are glucose responsive.
Figure 5.5 shows the glucose concentration dependence of the hydrodynamic radius (Rh) of the
composite microgels obtained in PBS buffer of pH = 7.47 at 37 °C. Two results can be clearly
observed. First, an increase in glucose concentration increases the size of the PBA-containing
microgels, which has been well understood. The binding of glucose to the PBA moieties can lead
to thermodynamically favorable anionic boronate ester, thus increasing the charge density of the
microgel network and building up a Donnan potential for the microgel to swell. The swollen
composite microgels still exhibit very narrow size distribution (Figure 5.6). Second, the glucoseinduced swelling degree of the composite microgels greatly depends on the feeding content of
VDT although the VDT itself is not glucose responsive. At a fixed feeding amount of the
glucose-binding VPBA (10 mol%), the increase in the VDT content of the microgels can
significantly increase the glucose-induced swelling ratio at pH = 7.47. For example, the
maximum swelling ratio, in terms of the Rh ratio in the presence of 30 mM glucose and absence
of glucose (Rh,30mM glucose/Rh,0mM glucose) of PTB-10 reaches up to 1.44. In contrast, this ratio goes
down to 1.36 and 1.09 for PTB-5 and PTB-1, respectively. These results indicated that the VDT
in the microgel network chains can significantly promote the glucose sensitivity at physiological
pH, which should be attributed to the strong intramolecular B-···N+ bonding interactions between
the electron-poor boron atom in PBA and the electron-rich nitrogen atoms in VDT. This B-···N+
interaction can increase the Lewis acidity of the boron center, lower the pKa of the PBA residues,
and stabilize the anionic PBA-glucose complexes at lower pH values.30, 32-37
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Figure 5.5 (a) Glucose-dependent average Rh of the poly(NIPAM-VPBA-VDT)-dye composite
microgels containing different amount of VDT ( PTB-1: --, PTB-5: -z-, PTB-10: -S-),
measured in PBS buffer of pH = 7.47 at 37 °C; (b) The pH dependence of the maximum swelling
ratio Rh,30 mM glucose/Rh,0 mM glucose of the composite microgels in PBS buffer at 37 oC.

Figure 5.6 The size distribution in terms of Rh of the poly(NIPAM-VPBA-VDT)-dye composite
microgel particles with a very narrow size distribution: PTB-1 (-X-), PTB-5 (-W-), and PTB-10
(--) in the presence of 13 mM glucose, measured at 37 oC, pH = 7.47, and a scattering angle θ
= 45o.
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Figure 5.5b shows the pH dependent glucose sensitivity in terms of swelling ratio of the
composite microgels containing different amount of VDT. All the three composite microgels
demonstrated a similar trend. The glucose-sensitivity of the microgels firstly increases, reaches a
maximum, and then decreases with the increase in pH. However, the maximum glucose-induced
swelling ratio occurs at different pH values for the three composite microgels. For PTB-1
containing only 1 mol% VDT, the maximum glucose sensitivity occurs at pH = 8.8, which is
nearly the same as the pKa (~ 8.9) of PBA. When the VDT content was increased to 5 mol%, the
PTB-5 exhibits a best glucose sensitivity at pH = 8.3. Further increasing the VDT content to 10
mol%, the PTB-10 demonstrates a maximum swelling ratio = 1.47 at pH = 7.8, which is very
close to the glucose sensitivity at the physiological pH (Rh,30mM glucose/Rh,0mM glucose = 1.44). Clearly,
the more the VDT residues that can form the intramolecular B-···N+ bonds in the microgel
network, the lower the pH value corresponding to the best glucose sensitivity of microgels.
These results further prove that a suitable VDT content in the composite microgels is critical to
promote the glucose sensitivity at physiological pH.
5.3.3 Optical properties of glucose-sensitive composite microgels
Figure 5.7 shows the evolution of photoluminescence (PL) spectra of the PTB-10 composite
microgels in response to a glucose concentration increase at physiological pH. The results
indicated that the increase in glucose concentration did not only quench the PL intensity, but also
caused a red-shift of the PL band. Figure 5.7 shows that the PL property change is most sensitive
as glucose concentration increases from 0 to 15 mM and then slows down with further increase
in glucose concentration. These glucose-responsive PL property changes of the composite
microgels demonstrated exactly the same trend as the glucose-induced swelling curves (Figure
5.5a), where the microgels gradually swell with increasing the glucose concentration from 0 to
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15 mM until stretching to nearly a maximum at higher glucose concentrations. Obviously, the PL
quenching and red-shift resulted from the swelling of the microgels, which is understandable. As
glucose concentration gradually increases, the microgel network gains more negative charges
and gradually stretches, inducing an elastic tension and an increase in microgel size. The elastic
tension will propagate to the dye assemblies anchored on the microgels, thus shift the π-π
stacking and reduce the assembling degree of the dye molecules, resulting in a PL quenching and
red-shift.38-40 When the glucose concentration is above 15 mM, the microgel network chains
stretch to nearly a maximum, thus the PL property has no major change. The linear plot in
Figure 5.7b gives the glucose-dependent PL properties of the microgels in a more orthogonal
fashion. Since the binding of glucose to the PBA is reversible, the composite microgels should
reversibly shrink back after the removal of glucose, and thus the PL intensity can be recovered.

Figure 5.7 (a) Characteristic PL response of the PTB-10 composite microgels to the glucose
concentration change at pH = 7.47; (b) Quenched PL as a function of glucose concentration with
the inserted linear plot (3-15 mM) showing the glucose-responsive PL properties in the
reciprocal space. The excitation wavelength was 520 nm.
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5.3.4 Stability of p(NIPAM-VPBA-VDT)-Bordeaux R dye composite microgels
To examine the stability and reversibility of the PL signal, we studied the PL quenching and
recovery property of the PTB-10 microgels in the presence of 30 mM glucose and absence of
glucose at pH = 7.47 (Figure 5.8). After five repeated cycles of glucose addition and dialysis
removal, PL intensity can return to about 95.3% of its original value, indicating a good stability
of the dye assemblies immobilized on the microgels. These results demonstrate that the PTB-10
composite microgels can be potentially used for continuous glucose monitoring.

Figure 5.8 PL quenching and recovery cycles upon the repeated addition (30.0 mM) and dialysis
removal of glucose (0 mM) in the dispersion medium of poly(NIPAM-VPBA-VDT)-dye
composite microgel (PTB-10) at pH = 7.47.
5.3.5 Interferences
Besides glucose, boronic acid can also bind other cis-diol metabolites, 41, 42 such as lactate and
human serum albumin (HSA). This expectation was tested based on the PL quenching properties
(Figure 5.9). Normally, the blood lactate concentration is between 0.36-0.75 mM in a resting
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adult, 43, 44 so 1 mM lactate was selected as the model to determine the lactate impact to glucose
sensitivity in PTB-10. The results indicate the competitive binding of lactate to boronic acids can
decrease the glucose binding degree, resulting a decrease of glucose sensitivity of dye-containing
microgels. However, there is about 5.25% PL quenching decrease for 8 mM (144 mg/dL) glucose
with the addition of 1 mM lactate, so the dye-composited microgels can avoid the significant
impact of blood lactate. The impact of HSA on response to glucose was also invesigated. As the
glucose concentrations were below 15 mM (270 mg/dL), HSA-induced PL quenching changes
for glucose sensitivity were not significant (< 5%). At higher glucose concentrations, the PL
quenching did not reach a plateau as it did in the absence of HSA, which can be attributed to the
competitive binding of HSA to boronic acids. Once large HSA molecules bind to the PBA sites
of composite microgels, they can cause a larger swelling degree, resulting in a larger PL
quenching. According to the standards of American Diabetes Association, with a blood sugar
from 8 to 15 mM, it is considered to be acute hyperglycemia, and the symptoms will become
noticeable.44, 45 Therefore, within the range of proper clinical detection of blood glucose, our
composite microgels display good selectivity to glucose over HSA.
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Figure 5.9 Glucose response of the p(NIPAM-VPBA-VDT)-Bordeaux R composite microgels in
the presence of L-lactate (-W-: 0 mM; -z-: 1 mM) and glucose response of composite microgels
in the absence of 44 g/L HSA (-W-) and in the presence of 44 g/L HSA (--) at pH 7.47 PBS
solutions.
5.4 Conclusion
In summary, we have developed a facile one-pot strategy to synthesize low-cost dyecomposite microgels in water. Under physiological pH, the composite microgels with high
glucose sensitivity have been screened out by adjusting the feeding contents of VDT. The
glucose-induced swelling/shrinking of the polymer network was able to convert chemical
changes into optical signals, and thus, the glucose concentration can be correlated with the
fluorescence intensity for quantitative detection. In addition, the dye-composited microgels also
displayed good stability and high selectivity to glucose over the potential interferences of lactate
and human serum albumin under physiologically important glucose levels, which make them
proper for using as bionanosensors.
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Engineering of Core-shell Structured Microgels to
Control the Onset of Glucose-Regulated Release of
Insulin
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6.1 Introduction
Diabetes mellitus has received significant attention due to its global prevalence over the last
few decades. It is predicted that the diabetes-related deaths between 2005 and 2030 will be
doubled1, 2. Of particular importance is the need to control the elevated blood glucose
concentrations with insulin-dependent therapy3-6, which is becoming a growing concern for a
large portion of the population.
In the past decades, although glucose oxidase or glucose-binding proteins based glucose
sensing systems made great progresses for insulin delivery7-12, instability, difficult sterilization,
and high cost limited their extensive application for continuous glucose monitoring13-18. Since
1990s, the development of synthetic boronic acid ligands opened an avenue for glucose-sensitive
insulin delivery, because they can reversibly complex with cis-diols, such as D-glucose, for
continuous glucose monitoring. The first completely synthetic phenylboronic acid (PBA)-based
macrogel (15 mm) for insulin delivery was reported in 1995 by Okano and co-workers13-15.
Recently, Miyahara et al16, 17 investigated a couple of new monomers bearing with boronic acid
functionalities, and copolymerized with N-isopropylacylamide (NIPAM) into a “smart gel” for
self-regulated insulin delivery. The intelligent gel presented good performance on the glucose
dependent insulin release under physiological conditions. However, it usually takes a relatively
long time (> 1h) for hydrogel to response and release insulin, which cannot quickly lower the
blood sugar level after meal. As well-studied, nano- or micro- scaled gel is able to sense glucose
on a time scale of ~ 102 s18,

19

. Zhang and co-workers synthesized chitosan nanogels with

phenylboronic acid pendants for controlled insulin release20. Our group recently developed a
hybrid Ag@P(VPBA-DMAEA) nanogels with a fluorescent Ag nanoparticle (NP) in the core
and

a

glucose

responsive poly(vinylphenylboronic

acid-co-dimethylaminoethylacrylate)
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[P(VPBA-DMAEA)] copolymer nanogel layer as shell for simultaneous optical glucose-sensing
and self-regulated insulin release at physiological pH and temperature. The higher the glucose
level, the higher the swelling degree of the nanogel, thus the more loaded insulin to be released21.
However, the big challenge is that these nanogels start to swell and release insulin at a very low
glucose concentration, which may cause the overdose of insulin at normal human blood glucose
concentration (4-8 mM)22, 23, resulting in an excessive decrease in blood sugar that may lead to
hypoglycemia. Therefore, it would be highly desirable to design a new kind of glucoseresponsive microgels that can not only regulate the insulin release in response to appropriate
glucose level, but also initiate the response only after the glucose concentration is beyond the
certain desirable level.
In this work, we aim to develop a series of core-shell structured microgels that have tunable
onset for the glucose-sensitive swelling and can regulate the insulin release only when the
glucose concentration reaches certain desirable level. We selected the glucose responsive
copolymer microgel of poly(NIPAM-acrylamide-fluorophenylboronic acid) [p(NIPAM-AAmFPBA)] microgel as the template core and the biocompatible nonlinear poly(ethylene glycol)
(PEG) gel as the shell. The resulted core-shell microgels are denoted as p(NIPAM-AAmFPBA)@PEG. The thermoresponsive pNIPAM and nonlinear PEG polymers allow us to apply a
simple stepwise precipitation polymerization method in water to prepare the core-shell structured
microgels24-26. The FPBA moieties in the p(NIPAM-AAm-FPBA) core microgels are designed to
sense the glucose at physiological pH and complex with glucose to form negative charges on the
core network chains for microgels to swell. The nonlinear PEG gel shell are designed to form
hydrogen bonds with the glucose through the ether oxygen of the ethylene glycol units and the
hydroxyl groups of glucose molecules, which will not induce the microgel to swell. Kinetic
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studies show that the formation and dissociation of intermolecular hydrogen bond in liquid
solutions is ultrafast (e.g., on a picoseconds time scale)19. On the other hand, the kinetics of the
glucose-induced swelling of the p(NIPAM-PBA) microgels is on a time scale of 100 second due
to the relatively slow complexation reaction between the PBA groups and glucose molecules18, 27.
Based on these documented results, we predict that the kinetics of the hydrogen bonding
association between the glucose molecules and the ethylene glycol units of the nonlinear PEG
gel shell will be much faster than that of the FPBA-glucose complexing association in the core
microgel. In such a situation, we expect that the glucose molecules will firstly associate with the
nonlinear PEG gel shell when the p(NIPAM-AAm-FPBA)@PEG core-shell microgels are
immersed in the glucose solution. Only after the ether oxygen atoms of the PEG side chains on
the shell networks are saturated with glucose molecules, the free glucose molecules will
penetrate the shell network and bind with the FPBA groups located on the core network chains of
microgels, resulting in the glucose-responsive swelling of the core-shell microgels (Scheme 6.1).
Based on this design, we predict that the more ethylene glycol units are presented on the gel shell,
the more the glucose molecules will be consumed to saturate the ether oxygen in the gel shell. As
a result, the core-shell microgels with thicker nonlinear PEG gel shell should start to swell at
relatively higher glucose concentrations. Therefore, it is possible to tune the onset point of
glucose sensitive swelling of the microgels by simply adjusting the feeding amount of shell
component in the synthesis of core-shell microgels. In other words, the onset of glucose-induced
swelling of microgels could be controlled by the thickness of the nonlinear PEG gel shell. Thus,
it is possible to initiate and regulate the insulin delivery only when the blood glucose
concentration is above certain desirable level. Such designed core-shell structured glucose
responsive p(NIPAM-AAm-FPBA)@PEG microgels should have a great potential to be used for
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self-regulated insulin delivery carriers.

Scheme 6.1 Proposed mechanism for the glucose bonding to core-shell structured p(NIPAMAAm-FPBA)@PEG microgels at an elevated concentration of glucose.
6.2 Experimental
6.2.1 Materials
2-aminomethyl-5-fluorophenylboronic acid (amino-FPBA) was purchased from CombiBlocks Inc., and all other reagents were purchased from Sigma-Aldrich. N-isopropylacryamide
(NIPAM) was recrystallized with a hexane-acetone mixture (v/v, 1:1) and dried in vacuum.
Acrylic acid (AA) was purified by distillation under reduced pressure to remove inhibitors.
Oligo(ethylene glycol) methyl ether methacrylate (Mn = 300 g/mol, MEO5MA), and
poly(ethylene glycol) dimethacrylate (PEGDMA, Mn ≈ 550 g/mol, crosslinker) were purified
with neutral Al2O3. Acryamide (AAm), N-(3-dimethylaminopropyl)-N’-ethyl-carbodiimide
hydrochloride (EDC), D(+)-Glucose, N, N'-methylenebisacrylamide (MBAAm), sodium dodecyl

128

Chapter 6
sulfate (SDS), ammonium persulfate (APS), and fluorescein isothiocyanate (FITC)-labeled
insulin were used as received. The water used in all experiments was of Millipore Milli-Q grade.
6.2.2 Synthesis of p(NIPAM-AAm-FPBA) core microgels
The synthesis of p(NIPAM-AAm-FPBA) microgels involved two steps24,28. First, the
carboxylic acid-containing p(NIPAM-AAm-AA) copolymer microgels were synthesized by free
radical precipitation copolymerization in water. Typically, a mixture of comonomers of NIPAM
(1.403 g), AAm (0.102 g), AA (0.115 g), crosslinker of MBAAm (0.074 g), and dispersing
surfactant of SDS (0.070 g) were dissolved in 80 mL water in a three-neck round-bottom flask
equipped with a stirrer, a nitrogen gas inlet, and a condenser. The mixture was heated to 70 oC
under a N2 purge. After 30 min, 1 mL of 0.5 M APS was added to initiate the polymerization.
The reaction was allowed to proceed for 4 h. The obtained p(NIPAM-AAm-AA) copolymer
microgels were purified by centrifugation (Thermo Electron Co. SORVALL RC-6 PLUS
superspeed centrifuge, 20,000 rpm, 35 oC, 30 min), decantation, washing with water, and dialysis
for 3 days (Spectra/Por molecularporous membrane tubing, cutoff 12,000-14,000) against
frequently changed water at room temperature (

22 oC). The purified microgels were then

functionalized with FPBA groups through the coupling reaction of amino-FPBA to the
carboxylic acid groups of the AA segments in the copolymer networks. Typically, amino-FPBA
(0.148 g, 0.0160 M) and EDC (0.153 g, 0.0160 M) were dissolved into 50 mL of the pre-cooled
p(NIPAM-AAm-AA) microgel aqueous dispersion (~ 0 oC). The reaction mixture was stirred for
4 h in an ice-bath to allow the completion of reaction. The resulted p(NIPAM-AAm-FPBA)
microgels were purified by dialysis against frequently changed water for at least 1 week and then
diluted to 100 mL.
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6.2.3 Synthesis of p(NIPAM-AAm-FPBA)@PEG core-shell microgels
The p(NIPAM-AAm-FPBA)@PEG core-shell microgels were synthesized according to the
recipes listed in Table 6.1, which are denoted as CS-1, CS-2, and CS-3 in terms of a gradual
increase in the feeding amount of MEO5MA. Briefly, 20 mL of the mother core p(NIPAMAAm-FPBA) aqueous solution, MEO5MA monomer, PEGDMA crosslinker, and 0.02 g of SDS
were dissolved in 80 mL of water. The mixture was transferred to a three necked round-bottom
flask equipped with a stirrer, a nitrogen gas inlet, and a condenser. The mixture was heated to
70oC under a N2 purge. After 30 min, 1 mL of 0.5 M APS was added to initiate the
polymerization and crosslinking of the MEO5MA monomers to add the nonlinear PEG gel shell
to the core microgels. The reaction was allowed to proceed for 4 h, and the resulting products
were purified by dialysis against very frequently changed water to remove unreacted monomers
and SDS surfactants.
Table 6.1 Feeding composition of the p(NIPAM-AAm-FPBA)@PEG core-shell microgels
Sample

Core (mL)

MEO5MA (μL)

PEGDMA (μL)

SDS (g)

CS-1

20

100

3.5

0.02

CS-2

20

200

7.0

0.02

CS-3

20

300

14.0

0.02

6.2.4 Synthesis of p(MEO5MA-AAm-FPBA) microgels
Following the same procedure as 6.2.2, p(MEO5MA-AAm-AA) microgels were first
fabricated by free radical precipitation polymerization. Briefly, 1.771 mL of MEO5MA (78
mol%), 0.0573 g of AA (10 mol%), 0.0509 g of AAm (9 mol%), 0.0368 g of MBAAm, and
0.070 g of SDS were dissolved in 80 mL of water. The reaction mixture was transferred to a
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three necked round-bottom flask equipped with a condenser and a nitrogen inlet and heated to
70°C under a gentle stream of nitrogen. After 1 h, 1 mL of 0.5 M APS solution was added to
initiate the polymerization, and the reaction was proceeding for 4 h. The product was purified by
dialysis against water for at least 1 week, and diluted to 100 mL. Then, the FPBA-functionalized
p(MEO5MA-AAm-FPBA) microgels were synthesized via EDC catalyzed coupling of FPBA to
the COOH groups in AA units. 50 mL of p(MEO5MA-AAm-AA) microgel dispersion was
cooled in an ice-water bath, and then FPBA (0.148 g, 0.0160 M) and EDC (0.153 g, 0.0160 M)
were added. The coupling reaction was allowed to proceed for 4 h in an ice-water bath. The
resultant products were purified by dialysis against very frequently changed water for at least 1
week.
6.2.5 Drug uptake experiments
FITC-insulin was loaded to the microgels by the complexation method. A stock solution of
FITC-insulin (1 mg/mL) was prepared in 5 mM phosphate buffer solution (PBS) of pH = 7.47,
and stored in the refrigerator (4 °C). 5 mL of the core-shell structured p(NIPAM-AAmFPBA)@PEG microgel dispersions (CS-1, CS-2, and CS-3) were lyophilized and further record
their net weight separately. For each sample, the lyophilized powder was redispersed in 5 mL of
aqueous solution, and the pH value was adjusted to 9.0 by using dilute NaOH solution. This
dispersion was stirred in an ice-water bath for 30 min, and 1 mL of FITC-insulin solution was
then added dropwise to the vial. The immediate clouding revealed the hydrogen bonding
complexation of the insulin molecules (protein) with the microgel network chains (containing
boronic acid, and ethylene glycol groups). After stirring overnight, the suspension was
centrifuged at 10,000 rpm for 40 min at 37 °C. To remove the free insulin molecules, the
precipitate was redispersed in 5 mL of PBS of pH=7.47 and further purified by repeated
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centrifugation and washing at 37 oC at least 6 times. After purification, the insulin-loaded
microgel dispersions for each sample were lyophilized at least 24 h, and their net weight were
recorded respectively. The loading content is expressed as the mass of loaded drug per unit
weight of dried microgels.
6.2.6 In vitro drug release
FITC-labeled insulin was used in this study to monitor the insulin release from the core-shell
structured microgels by a change in fluorescence intensity of the external milieu. The in vitro
release test of FITC-insulin from the microgels was evaluated by the dialysis method. The
purified drug-loaded microgel lyophilized powder was redispersed in 5 mL of pH = 7.47 PBS.
To investigate the glucose-regulated insulin release behavior of the core-shell microgels, we
selected five different glucose concentrations ([glucose] = 0, 4, 7, 11, 20 mM) for each sample.
Typically, 1.0 mL of above prepared insulin-loaded microgel dispersions were transferred into
the dialysis bags and then immersed into 50 mL of 5 mM pH = 7.47 PBS at designed glucose
concentrations. The released FITC-insulin outside of the dialysis bag was sampled at defined
time intervals and assayed by fluorescence spectrometry at 515 nm upon excitation at 492 nm.
Cumulative release is expressed as the total percentage of drug released through the dialysis
membrane over time. The insulin release kinetics from the microgels is compared in response to
glucose concentration changes.
6.2.7 Analysis of in vitro release data
To determine the drug release mechanism and compare the release profiles, the amount of
insulin released versus time were analyzed on the basis of the empirical equation proposed by
Peppas et al. 29, 30:
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M t M ∞ = kt n

(1)

where Mt and M∞ is the amount of drug released up to any time t and the infinite time; k is a
structural/geometric constant and n is a release exponent related to the intimate mechanism of
release. Eq. (1) has two distinct physical realistic meanings in the two special cases of n = ~ 0.43
(indicating diffusion controlled drug release) and n = ~0.85 (indicating swelling-controlled drug
release). Values of n = ~ 0.43-0.85 can be regarded as indicator for the superposition of both
phenomena (anomalous transport), while n < ~ 0.43 indicate another transportation process in
addition to the diffusion process.
6.2.8 In vitro cytotoxicity
B16F10 cells (2000 cell/well) were cultured in DMEM containing 10% FBS and 1% penicillin
streptomycin in two 96-well plates, and exposed to microgels of template core, CS-1, CS-2, and
CS-3, respectively. To cover the high concentrations, the microgels were concentrated and
adjusted to an appropriate concentration in DMEM right before feeding into the well. The plate
was incubated at 37 °C for 24 h. The medium was then aspirated, and these wells were washed
using fresh serum-free DMEM. Then, 25 μL of 3-(4, 5-dimethyl-2-thiazolyl)-2, 5diphenyltetrazolium bromide (MTT) solution (5 mg/mL in PBS) was added to the wells. After
incubation for 2 h, the solution was aspirated and 100 μL of dimethyl sulfoxide was added to
each well, and the plate was sealed and incubated for 30 min at 37 °C with gentle mixing. Three
portions of the solution obtained from each well were transferred to three respective wells of a
96-well plate. Cell viability was measured using a microplate reader at 570 nm. Positive controls
contained microgels, and negative controls contained MTT.
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6.3 Characterization
The FTIR spectra were recorded with a Nicolet Instrument Co. MAGNA-IR 750 Fourier
transform infrared spectrometer. The UV-vis absorption spectra were obtained on a Thermo
Electron Co. Helios β UV-vis spectrometer. The PL spectra were obtained on a JOBIN YVON
Co. FluoroMax-3 Spectrofluorometer.
The morphology of the core-shell microgels were characterized with atomic force microscopy
(AFM). Glass slides (22 mm × 22 mm) were cleaned by using a sequential solvent sonication
method. The following solvent sequence was employed using a Branson 3510 Ultrasonicator: 15
min in deionized water, 15 min in acetone, 15 min in isopropyl alcohol, and 15 min in absolute
ethanol. Afterward, the glass was dried under a gentle stream of N2. Four drops of 25 μL
microgel aqueous solution were dipped on the surface of glass before spinning coating. The glass
slides were spinning at 4,500 rpm for 40 s under the vacuum. Microgels were uniformly spread
on the surface of the slides, and dried directly at room temperature (~ 25 oC). AFM images for
different samples were taken at 24.8 oC by using an Asylum MFP-3D BIO AFM Instrument
(Santa Barbara, CA). Imaging was processed using the MFP-3D software under the IgorPro
(WaveMetrics Inc., Lake Oswego, OR) environment. Non-contact mode, non-aluminum coated
long cantilever (T190) were purchased from Vistaprobes (spring constant = 48 N/m, resonance
frequency = 190 kHz). All images were taken in air under ambient conditions.
The transmission electron microscopy (TEM) images were acquired on a JEM 2100 (JEOL)
with an acceleration voltage of 200 kV. Approximately 20 μL of the microgel dispersion was airdried on a carbon-coated copper grid for the TEM measurements.
The size and size distribution of the microgels under different conditions were measured using
a standard light scattering spectrometer (BI-200SM) equipped with a BI-9000 AT digital time
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correlator (Brookhaven Instrument, Inc.). Nd:YAG laser (150 mW, 532 nm) was used as the
light source. The diluted microgel dispersion solutions were passed through Millipore Millex-HV
filters with a pore size of 0.45 μm to remove dust before the measurements. The measurements
were made at 36.5 °C and a scattering angle (θ) of 30o. In DLS, the Laplace inversion of each
measured intensity-intensity time correlated function can result in a characteristic line width
distribution G(Г). For a purely diffusive relaxation, Г is related to the translational diffusion
coefficient D by (Г/q2)c→0,q→0 = D, where q=(4πn/λ)sin(θ/2), with n, λ, and θ being the solvent
refractive index, the wavelength of the incident light in vacuo, and the scattering angle,
respectively. G(Г) can be further converted to a hydrodynamic radius (Rh) distribution by using
the Stokes-Einstein equation, Rh = (КBT/6πη)D-1, where T, КB, and η are the absolute
temperature, the Boltzmann constant, and the solvent viscosity, respectively.
6.4 Results and discussion
6.4.1 Synthesis of p(NIPAM-AAm-FPBA)@PEG core-shell microgels
The synthesis of p(NIPAM-AAm-FPBA)@PEG core-shell microgels involve two steps of free
radical precipitation polymerization (Figure 6.1). The first step was the preparation of
p(NIPAM-AAm-AA) microgels with well-controlled size and compositions that have been well
established from the precipitation polymerization in water24. The purified p(NIPAM-AAm-AA)
microgels were then functionalized with glucose-sensing moiety FPBA through the coupling of
amino-FPBA to the AA units in the microgels under EDC catalysis to form p(NIPAM-AAmFPBA) microgels. The second step was to add the biocompatible thermo-sensitive nonlinear
PEG gel shell onto the p(NIPAM-AAm-FPBA) core template microgels through the
precipitation polymerization of MEO5MA in the presence of core microgel dispersions and
PEGDMA crosslinker. Using the same batch of the p(NIPAM-AAm-FPBA) microgels as core
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template, p(NIPAM-AAm-FPBA)@PEG core-shell microgels with different shell thickness of
the nonlinear PEG gel were successfully synthesized by varying the feeding amount of
MEO5MA monomer and PEGDMA crosslinker for shell synthesis.

Figure 6.1 Synthetic route to p(NIPAM-AAm-FPBA)@PEG core-shell structured microgels.
Figure 6.2 shows the FTIR spectra of the dried p(NIPAM-AAm-AA) microgels, the
corresponding p(NIPAM-AAm-FPBA) microgels and p(NIPAM-AAm-FPBA)@PEG core-shell
microgels, respectively. For p(NIPAM-AAm-AA) microgels, besides the absorption peaks of
amide I band (1645 cm-1) and amide II band (1543 cm-1), a small peak at 1714 cm-1 is observed,
which can be assigned to the stretching of uncharged dimerized or associated form of carboxylic
group of AA units24,31. After being functionalized with FPBA, the p(NIPAM-AAm-FPBA) core
microgels only present the absorption maxima of amide I at 1648 cm-1 and amide II at 1543 cm-1.
The disappearance of the peak at 1714 cm-1 indicates that the carboxylic acid groups in the
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p(NIPAM-AAm-AA) microgels are almost completely reacted with the amino-FPBA to form the
glucose-responsive p(NIPAM-AAm-FPBA) microgels28 (Figure 6.2b). After the further
polymerization of the MEO5MA monomers and PEGDMA crosslinker on these core template
microgels, a broad band at 1058-1186 cm-1 ( υ Cas−O −C ) associated with the ethylene glycol units
and a sharp peak at ~ 1730 cm-1 associated with the C=O groups from the methacrylate units
were obviously observed, indicating a successful addition of the non-linear PEG gel shell to the
p(NIPAM-AAm-FPBA) core microgels (Figure 6.2c-e).

Figure 6.2 FTIR spectra of p(NIPAM-AAm-AA) (a), p(NIPAM-AAm-FPBA) (b), and
p(NIPAM-AAm-FPBA)@PEG microgels: CS-1 (c), CS-2 (d), and CS-3 (e).
The TEM images demonstrated that the core and core-shell structured nanoparticles are
spherical and uniform (Figure 6.3). The DLS results show that the microgels are nearly
monodispersed with the polydispersity index μ2/<Γ>2 < 0.05 under all measurement conditions
(Figure 6.4a). Even after binding with glucose, the microgels still remain well-defined
polydispersity in aqueous solutions (Figure 6.4b). Obviously, the increase in the feeding ratio of
the shell components to the template core microgels increases the thickness of the resultant
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nonlinear PEG gel shells, resulting in an increase in the hydrodynamic size of the core-shell
microgels. This result is in accordance with our expectation, as well as the observation from
AFM measurements (Figure 6.5). The AFM images show that all the dried microgels are in
spherical shape. Although a clear core-shell boundary cannot be observed, a gradual increase in
the microgel particle height is clearly determined when the feeding amount of the MEO5MA and
PEGDMA components gradually increases. For example, following the same spin-coating
method for the AFM sample preparation, the core template microgels have a particle height of ~
8.6 nm. In contrast, the particle height of the core-shell microgels increases gradually with ~ 9.9
nm, ~ 12.2 nm, and ~13.43 nm respectively determined for the CS-1, CS-2, and CS-3 microgels.

Figure 6.3 TEM images of (a) core, (b) CS-1, (c) CS-2, and (d) CS-3 microgels.
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Figure 6.4 Size distributions of the p(NIPAM-AAm-FPBA), and p(NIPAM-AAm-FPBA)@PEG
core-shell microgels in the absence of glucose (a), and in the presence of 20 mM glucose (b),
measured at T = 36.5 oC, pH = 7.47 PBS solutions.

Figure 6.5 AFM height and line profiles of (a) core, (b) CS-1, (c) CS-2, and (d) CS-3 microgels
spin coated and dried on glass substrates from microgel dispersions prepared in deionized water.
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6.4.2 Glucose-sensitivity of the p(NIPAM-AAm-FPBA)@PEG core-shell microgels
Figure 6.5 shows the glucose-dependent hydrodynamic diameters (Dh) of the p(NIPAMAAm-FPBA) core microgels and the corresponding p(NIPAM-AAm-FPBA)@PEG core-shell
microgels determined at physiological pH and temperature. The glucose-responsive ligand of 2acrylamidomethyl-5-fluorophenylboronic acid has a lower pKa (~ 7.2)17 due to the presence of
electron-withdrawing fluorine group, therefore, all the microgels demonstrate good glucose
sensitivity at physiological pH.
Two features should be noted in Figure 6.6. First, the Dh values of all the core-shell
microgels are larger than that of template core microgels. According to our previous results, the
thermo-sensitive nonlinear PEG of poly(MEO5MA) has a LCST above 50 oC25, 26. Thus, at our
study temperature of 37 °C, the nonlinear PEG gel shell is hydrophilic and should be in a
swollen state. The Dh difference between the core-shell structured microgels and the template
core molecules can be attributed to the addition of the nonlinear PEG gel shell. Thus, the
thickness of the swollen nonlinear PEG gel shell could be estimated for all the core-shell
microgels. At 37 °C and physiological pH, the increase in Dh from 87.9 nm for the core microgel
to 90.8, 118.1, and 136.3 nm respectively for the CS-1, CS-2, and CS-3 microgels indicates a
corresponding shell thickness of 1.5 nm, 15.1 nm and 24.2 nm for CS-1, CS-2, and CS-3,
respectively. Second, the core-shell microgels with different nonlinear PEG gel shell thickness
exhibited different glucose responsive swelling behavior. The addition of the nonlinear PEG gel
shell can shift the onset of the glucose-responsive volume phase transition of the microgels. The
thicker the nonlinear PEG gel shell, the higher the glucose concentration required to initiate the
core-shell microgels to swell.
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Figure 6.6 Dh values of p(NIPAM-AAm-FPBA) core microgels and corresponding p(NIPAMAAm-FPBA)@PEG core-shell microgels determined at pH = 7.4 and 37 °C, but different
glucose concentrations.
Without the addition of shell, the p(NIPAM-AAm-FPBA) core microgels exhibited a
significant increase in particle size even at a very low glucose concentration. The CS-1 microgels
with the thinnest nonlinear PEG gel shell showed a similar glucose-induced volume phase
transition behavior. Its glucose-induced maximum swelling ratio, in terms of Rh,30mM,

glucose

/

Rh,0mM glucose = 1.41 is also comparable to that of the template core microgels (Rh,30mM glucose /
Rh,0mM glucose = 1.37). For the CS-2 and CS-3 microgels with much thicker nonlinear PEG gel
shell, apparently retarded glucose sensitivity was observed. For example, the glucose-induced
swelling degree of the CS-2 microgels is less than 3% at the glucose concentration below 5 mM.
Only after the glucose concentration was higher than 5 mM, the CS-2 microgels started to swell
dramatically and exhibited a good glucose-sensitivity. For CS-3 microgels with the thickest
nonlinear PEG gel shell, the onset of the glucose responsive volume phase transition further
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shifted to a higher glucose concentration. Only at the glucose concentration above 7 mM, a
significant glucose-induced increase in Dh was clearly observed. Obviously, as we expected, the
onset shift of the glucose sensitive swelling curves of the core-shell microgels is determined by
the thickness of the nonlinear PEG gel shell. This result should be attributed to the two
competitive binding interactions of glucose molecules to the core-shell p(NIPAM-AAmFPBA)@PEG microgels. The glucose molecules can bind with the ethylene glycol units of the
nonlinear PEG gel shell via hydrogen bonding interactions, which will not induce the volume
change of microgels. On the other hand, the glucose molecules can also bind with the FPBA
groups of the p(NIPAM-AAm-FPBA) core microgels, which will produce negative charges and
induce the microgels to swell. Because the formation and dissociation of intermolecular
hydrogen bonds in liquid solution is much faster than the complex formation between glucose
and boronic acids, only after the ether oxygen of the nonlinear PEG gel shell were saturated with
glucose molecules, the free glucose molecules will start to bind with the FPBA moieties in the
core microgels to induce the swelling of microgels. The thicker the shell of nonlinear PEG gel is,
the more the glucose molecules are required to saturate the ethylene glycol units; and thus, the
higher the glucose level is to initiate the glucose-sensitive swelling of the core-shell microgels.
Nevertheless, the tunable onset of the glucose sensitive volume phase transition of the core-shell
microgels is very important to regulate the insulin release when these microgels are used as
insulin delivery carriers.
To further verify our hypothesis, p(MEO5MA-AAm-FPBA) microgels with nonlinear PEG as
a major component (78 mol% MEO5MA in feeding) and FPBA as glucose-sensitive moieties
were prepared to investigate the glucose responsive volume phase transition (Figure 6.7). Our
result indicates that the size of the microgels has no significant change (Dh, 20mM glucose / Dh, 0 mM
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glucose=1.03)

at glucose concentrations below 20 mM. Only when the glucose concentration is

above 20 mM, the size of microgels starts to increase more significantly with the increase in
glucose concentration. This result supports our hypothesis that the glucose molecules will
competitively bind to the ether oxygen in the nonlinear PEG chains through the hydrogen
bonding interactions, which causes negligible size change of microgels. Only after the ether
oxygen of the PEG side chains in the microgels are saturated with glucose, the additional free
glucose molecules will bind to the FPBA groups to form negatively charged complexes, inducing
the microgels to swell due to the Donnan potential. This result also indicates that the
p(MEO5MA-AAm-FPBA) microgels with nonlinear PEG of poly(MEO5MA) as a major
component demonstrate poor glucose sensitivity in the physiologically important glucose
concentration range and is not desirable for diabetic therapy since the normal blood glucose level
is in the range of 4-8 mM.

Figure 6.7 Dh values of p(MEO5MA-AAm-FPBA) microgels in PBS solution as a function of
glucose concentration at 37 oC and pH = 7.47.
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6.4.3 In vitro glucose-regulated insulin release
The porous network structure of the microgels is particularly well suited to trap insulin. The
loading capacity for FITC-insulin of the core was 15.6 wt.%, and the core-shell structured
microgels were determined to be 18.1, 34.0, and 41.6 wt.% (expressed as the mass of loaded
drug per unit weight of dried microgels) for CS-1, CS-2, and CS-3 microgels, respectively.
Interestingly, the insulin loading capacity of the microgels is also determined by the thickness of
the nonlinear PG gel shell, which could be attributed to the larger mesh size of the swollen
nonlinear PEG gel and favorable hydrogen bonding interaction of insulin with the side PEG
chains. Considering the approximate concentration of the microgel dispersions, these insulin
loading capabilities are equivalent to 136.8 IU/L, 262.4 IU/L, and 433.6 IU/mL, respectively. It
should be noted that the microgel aqueous solutions can be concentrated and adjusted to an
appropriate concentration to meet the higher dose needs in clinical practice if necessary.
Figure 6.8 shows the cumulative release profiles of insulin from the p(NIPAM-AAmFPBA)@PEG microgels of CS-1, CS-2, and CS-3 into buffer solutions measured by a
conventional dialysis bag method at a physiological pH and temperature of 37 ºC. A blank
release experiment of free FITC-insulin (~ 5800 Da) solution with an equivalent amount of
insulin to that trapped in CS-1 microgels was also performed, showing that the dialysis
membrane (cutoff 12,000-14,000 Da) played a negligible role in the release kinetics. The much
slower insulin release from the microgels compared to the free drug solution indicates a
sustained release process. The insulin could be released in a controlled manner by regulating the
glucose levels.
Notably, the n values for all cases are below 0.43, which indicates that the releasing
mechanism involves two processes: one is simple diffusion step; another is related to the
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swelling and the breakage of hydrogen bonding interactions between the insulin and the polymer
network chains of the microgels. In Figure 6.8, CS-1 microgels exhibit a sustained insulin
release. As the glucose concentration in the medium increased, more insulin was released from
the gel network. At a high glucose concentration (~ 20 mM), 81% of loaded insulin could be
released after 72 h. An addition of a thick nonlinear PEG gel shell retarded the insulin release.
For example, the CS-2 microgels only demonstrated significant insulin release after the glucose
concentration is above 4 mM. At a high glucose concentration of 20 mM, 73% of the loaded
insulin could be released after 72 h. As we expected, CS-3 microgels with the thickest nonlinear
PEG shell demonstrated a more significant retard to initiate the insulin release. The CS-3
microgels did not release significant amount of insulin until the glucose concentration is above 7
mM. With the further gradual increase in glucose concentration, more and more insulin will be
released. Approximately, 70% of the loaded insulin could be release from the CS-3 microgels
after 72 h. It is extremely important in the clinic treatment to avoid the occurrence of
hypoglycemia for diabetic patients. Our core-shell mcirogels with thick nonlinear PEG gel shell
could meet this need because these microgels will not release significant amount of insulin in the
normal or low glucose level. In addition, the time scale for insulin delivery are also compatible
with the patients’ needs, since the microgels can start to release insulin in less than 30 min once
the glucose is beyond certain level. The sustained release over 3 days may also meet the basal
needs. It should be noted that, although the accumulative percentage release of insulin from the
CS-3 microgels is lower than that from the CS-1 microgels, the total amount of released insulin
from CS-3 microgels is much higher than that from the CS-1 microgels because the CS-3
microgels exhibit a much higher loading capacity for insulin (Figure 6.9).
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Figure 6.8 Releasing profiles of FITC-insulin from the microgels of CS-1 (a), CS-2 (b), and CS3 (c), in the presence of 20 (X), 11 (¡), 7(S), 4(z), and 0 () mM glucose in PBS of 7.47 at
37 °C. In the blank release ({), the FITC-insulin was released from the free insulin solution in
dialysis bag to the external PBS solution.
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Figure 6.9 FITC-insulin release profiles at different time intervals from nanogels in the presence
of 11 mM glucose in PBS of 7.47 at 37 °C: (a) cumulative percentage of released insulin; (b)
cumulative absolute amount of released insulin.
6.4.4 In vitro cytotoxicity
Although the proposed microgels present feasibility for on-site release of insulin at important
glucose concentration, there are also concerns about the safety of these materials. Cell viability
was quantified by an MTT assay using B16F10 cells. We tested three different concentrations of
the core (2.40 μg/mL, 4.80 μg/mL, and 9.60 μg/mL) and core-shell materials of CS-1 (2.32
μg/mL, 4.64 μg/mL, and 9.28 μg/mL), CS-2 (2.28 μg/mL, 4.56 μg/mL, and 9.12 μg/mL), and
CS-3 (2.21 μg/mL, 4.42 μg/mL, and 8.84 μg/mL), respectively. Figure 6.10 showed that the cell
viability is ~ 90% for the p(NIPAM-AAm-FPBA) core microgels, which indicates low toxicity.
However, after addition of the nonlinear PEG gel shell, all the core-shell microgels exhibited
improved cell survivability (~ 100%). This result indicated that the newly designed core-shell
structured microgels are non-cytotoxic to B16F10 cells after 24 h incubation at high
concentrations up to ~ 9 μg/mL.
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Figure 6.10 Comparison of B16F10 cell viability for different concentrations of p(NIPAMAAm-FPBA) core and p(NIPAM-AAm-FPBA)@PEG core-shell microgels.
6.5 Conclusion
Well-defined glucose-sensitive core-shell microgels with the p(NIPAM-AAm-FPBA) microgel
as core and the nonlinear PEG gel layer as shell in different thickness were successfully
synthesized via a simple two-step precipitation polymerization method in water. The presence of
PEG gel shell could retard the glucose-sensitive core network from swelling because the rapid
hydrogen bonding between the glucose molecules and the ether oxygens in the nonlinear PEG
gel shell is prior to the glucose binding to the FPBA groups in the core microgels. The thicker the
PEG gel shell, the higher the glucose concentration is required to induce the glucose sensitive
volume phase transition. Therefore, the onset point of the glucose sensitivity of the core-shell
microgels could be tuned through the adjustment of the feeding ratio of the nonlinear PEG gel
shell components to the core template microgels. These newly designed core-shell structured
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glucose sensitive microgels demonstrated promising application in insulin delivery carriers,
which can initiate and regulate the insulin release only when the glucose level is above desirable
critical zone in diabetes management.
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Chapter 7
Facile Route to the Grafting of Stimuli-Responsive
Polymers on the Surface of Hollow Silica Nanospheres
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7.1 Introduction
Over the last two decades, polymer/silica composite materials have attracted great interest due
to their broad applications in separations, sensors, lubrication, and biomedical engineering1-7.
Ordered mesoporous silicas are alternative as well-defined solid supports, because of their good
stability, high surface area, and tunable pore shape and diameter. In addition, promising
composite materials can be prepared by grafting polymer brushes on nanosized hollow silica
spheres8-11. In these cases, there are passages in the walls surrounding the spherical voids
(nanopores), which allow for the mass transport12, 13. Moreover, the polymer components can be
designed with desirable properties, such as the adsorption or catalytic properties, or stimuli
responsiveness14-17. Currently, there are two major chemical bonding methods to graft polymers
on the surfaces of solid supports. The first one is the “grafting from” method1, 18-23. The initiator
is coupled to the silica surface, and then the polymer can be grown from the surface via surfaceinitiated polymerization. The challenge for this method is the uncontrollable growth of the
polymer that may block the passages leading to the hollow interiors. The normal coppercatalyzed atom transfer radical polymerization (ATRP) can provide well-controlled
polymerization on the silica surface23, but high copper concentration may result in a copper
residue in the product. Also, the synthesis setup needs to be air-tight. The other approach is the
“grafting to” method. The polymers are initially synthesized, and then attached to the silica
surface24, 25. The limitation of this approach is the usually low polymer loading due to the sterical
hinderance. Therefore, the development of an efficient and convenient approach to graft the
polymer on the hollow silica particle surface is highly desirable. Dr. Matyjaszewski’s group
developed the activators regenerated by electron transfer (ARGET) ATRP method to synthesize
polystyrene, which significantly reduced the amount of copper based catalyst26. Later on, many
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other monomers were polymerized using ARGET ATRP. For instance, this technique has been
successfully applied to the preparation of homopolymer and copolymer brushes grafted from
silicon wafers, which were carried out without deoxygenation27. Our group explored the grafting
of polymers from the ordered silicas with cylindrical or cage-like (spherical) nanopores by using
ARGET ATRP18-20. Four kinds of polymers were successfully grafted from the concave surface
of SBA-15, including poly(methyl methacrylate), polystyrene, poly(N-isopropylacrylamide), and
poly(2-(dimethylamino)ethyl methacrylate). This technique was also employed to graft poly(2(2-methoxyethoxy)ethyl

methacrylate)

and

poly[(2-(methacryloyloxy)ethyl)]

dimethyl(3-

sulfopropyl)ammonium from the surface of ultra-large-pore FDU-12 with spherical mesopores20.
The polymer loadings were well controlled by adjusting the reaction time, and polydispersity
indexes were also quite low. Although the ARGET ATRP strategy is straightforward and
convenient, this technique has not been applied in hollow silica nanospheres (HSNs). In our
current studies, HSNs with an inner pore diameter of ~ 22 nm were selected as the solid support,
and stimuli-responsive polymers (or their precursors) were grafted from the hollow nanoparticle
surface. By controlling the reaction time, polymer loading and pore diameter can be controlled.
7.2 Experimental section
7.2.1 Chemicals
Pluronic F108 (EO132PO50EO132) was provided by BASF as a research sample. Toluene (extra
dry) was obtained from Fisher. Tetraethyl orthosilicate (TEOS) and trimethylchlorosilane (TMS)
were purchased from Acros. 2-(2-methoxyethoxy)ethyl methacrylate (MEO2MA, 95%) (Aldrich)
was purified by using neutral alumina. tert-butyl acrylate (t-BA, 99%) (Acros) was passed
through a column of basic alumina prior to use. The ligand tris[(2-pyridyl)methyl]amine
(TPMA) was purchased from ATRP Solutions, Inc. and used as received. The initiator (3154
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(chlorodimethylsilyl)propyl 2-bromoisobutyrate (Cl-Si(CH3)2-[(CH2)3-O-CO-C(CH3)2Br]) was
prepared according to the procedure described elsewhere27. All other chemicals including
solvents, copper salt and reducing agent tin(II) 2-ethylhexanoate (Sn(EH)2) were used directly
without further purification.
7.2.2 Synthesis of hollow silica nanospheres
In a typical synthesis of hollow silica nanospheres, 1.00 g of Pluronic F108 was added to 60
mL of 2 M HCl solution, which was followed by magnetic stirring until the whole polymer
dissolved at 22 oC. Next, 3 mL of toluene was added. After 2 h, 1.5 mL of TEOS was added and
the reaction mixture continued stirring at 350 rpm for 1 day. It should be noted that the reaction
container was covered during the whole process. Then the reaction mixture was treated
hydrothermally at 100 oC for 1 day. The resulting as-synthesized material was filtered, washed
with deionized water and dried at ~ 60 °C in a vacuum oven. Finally, the material was calcined at
550 °C under air for 5 h (heating ramp 2 °C/min). The sample is denoted HSN.
7.2.3 Synthesis of the initiator modified on the surface of HSNs
0.5 g of HSN sample was dispersed in 10 mL of toluene under magnetic stirring, and 1 mL of
pyridine was added. After 10 min, the organosilane with initiator functionality of 3(chlorodimethylsilyl)propyl 2-bromoisobutyrate (1.2654 g, 4.2 mmol) was added. The mixture
was heated at 110 oC under magnetic stirring for 2 days under reflux. Then the resulting product
was filtered and washed with toluene, ethanol, and acetone for several times, and dried in a
vacuum oven at ~ 60 oC. The obtained samples are denoted HSN-BiB. A surface modification
with TMS was further carried out in a similar way. 0.5 g of HSN-BiB sample was dissolved in 10
mL of toluene, and 4 mL of TMS was added. The mixture was stirring for 1 day at 80 oC. The
obtained samples are denoted HSN-BiB-TMS.
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7.2.4 Grafting of poly(2-(2-methoxyethoxy)ethyl methacrylate) from HSNs
ARGET ATRP of MEO2MA initiated from the surface of HSNs was carried out as follows: the
initiator modified HSN-BiB-TMS (50 mg, with 0.0295 mmol initiator), MEO2MA monomer
(385 μL, 0.20 mmol), a pre-mixed solution of CuCl2 (0.107 mg, 0.0008 mmol) and tris[(2pyridyl)methyl]amine (2.33 mg, 0.008 mmol) in ethanol (0.3 mL), and ethanol (2.50 mL) were
added into a ~ 4 mL glass vial. The mixture was stirred for 30 min before adding a solution of
the reducing agent, Sn(EH)2 (146 mg, 0.360 mmol) in ethanol (0.3 mL). The molar ratio of the
components in the mixture was as follows: initiator: Cu(II) : TPMA : MEO2MA= 0.74 : 0.020 :
0.20 : 50. The reducing agent was used in significant excess and the molar ratio of initiator:
Sn(EH)2 = 1: 12. The mixture for polymerization of MEO2MA was heated in an oil bath at 40 oC.
The polymerization was carried out at different time intervals, such as 60 min, 75 min, 90 min,
and 120 min, respectively. The polymerization was terminated by opening the vial and exposing
the copper catalyst to oxygen from the air. The polymer/silica composite was recovered by
filtration, and washed with ethanol, methanol, and acetone several times. Then the sample was
dried in a vacuum oven at ~ 60 oC. The samples are HSN@PMEO2MA-x, x refers to the
polymerization time.
7.2.5 Grafting of poly(acrylate acid) from HSNs
The strategy to graft poly(acrylic acid) from the surface of HSNs involved two steps. The first
one is the surface-initiated polymerization of tert-butyl acrylate (t-BA), and similar conditions
were applied with the ratio of reactants: initiator: Cu(II) : TPMA : t-BA = 0.74 : 0.02 : 0.2 : 50.
The solvent was ethanol and the reaction temperature was 40 oC. The mixture for polymerization
of MEO2MA was heated in an oil bath at 40 oC. The polymerization was carried out for different
time intervals, such as 2 h, 3 h, 4 h, and 5 h. After the polymerization, the polymer/silica
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composite was recovered by filtration, and washed with ethanol, methanol, and acetone for
several times. Then the sample was dried in a vacuum oven at ~ 60 oC. The samples are denoted
HSN@PtBA-x (x: the polymerization time). And the second step is to deprotect the t-BA to
acrylic acid, the sample of HSN@PtBA was put in the oven, heated to 200 oC and maintained at
this temperature for 30 min. The solid material was then rinsed thoroughly with water and
washed with ethanol and acetone several times. After filtration, the sample was dried in the oven
at ~ 60

o

C. The resulting samples are denoted HSN@PAA-x, where x is the PtBA

polymerization time.
7.2.6 Measurements
Nitrogen adsorption measurements at -196 oC were performed on an ASAP 2020 volumetric
adsorption analyzer from Micromeritics. The samples were outgassed under vacuum at 200 oC
for HSNs and 80 oC for modified HSN samples before adsorption measurements.
Transmission electron microscopy (TEM) images were acquired on Hitachi TEM 7500
operated at 80 kV. Before the imaging, the samples were dispersed in ethanol using sonication
and subsequently deposited on a carbon-coated copper grid. The solvent was evaporated under
air before the TEM analysis. Thermogravimetric analysis (TGA) was carried out under nitrogen
with 5 oC min-1 ramping rate to ~700 oC on a Hi-Res 2950 thermogravimetric analyzer from TA
Instruments. Small-angle X-ray scattering (SAXS) patterns were recorded on Bruker Nanostar U
instrument equipped with rotating anode Cu Kα radiation source operated at 50 kV, 24 mA and
with Vantec 2000 2-dimensional detector. Samples were placed in the hole of an aluminium
sample holder and secured on both sides using a Kapton tape. FTIR spectra were collected on a
Bruker Vertex 70 FTIR spectrophotometer, operating at 4 cm-1 resolution and 32 scans.
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13

C cross polarization magic angle spinning NMR experiments were performed on a Varian

INOVA 300 wide bore spectrometer equipped with a superconducting magnet with a field of 7.1
Tesla. The operating frequency was 75.4 MHz. For the NMR measurements, the samples were
packed into a 5 mm zirconia rotor, loaded into a 5 mm Doty XC-5 CP/MAS probe and spun at 68 kHz. 1000-3500 scans were acquired depending on the sensitivity of a particular sample. The
recycle delay was 3 s, the contact time was 1.5 ms and the 90 degree pulse was 6.4 ms. DSS was
used as a chemical shift reference.
Dynamic light scattering (DLS) was performed on a standard laser light scattering
spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator (Brookhaven
Instruments Inc.). A Nd:YAG laser (150 mW, 532 nm) was used as the light source. All
polymer-silica hybrid materials were passed through Millipore Millex-HV filters with a pore size
of 0.45 μm to remove dust before the measurements. In DLS, the Laplace inversion of each
measured intensity–intensity time correlated function can result in a characteristic line width
distribution G(Г) . For a purely diffusive relaxation, Г is related to the translational diffusion
coefficient D by (Г/q2)c→0,q→0 = D, where q = (4πn/λ)sin(θ/2), with n, λ, and θ being the solvent
refractive index, the wavelength of the incident light in vacuo, and the scattering angle,
respectively. G(Г) can be further converted to a hydrodynamic radius (Rh) distribution by using
the Stokes-Einstein equation, Rh=(КBT/6πη)D−1, where T, КB, and η are the absolute temperature,
the Boltzmann constant, and the solvent viscosity, respectively.
7.2.7 Calculations
The specific surface area was calculated from nitrogen adsorption isotherms using the BET
method in the relative pressure range from 0.04 to 0.2. The total pore volume was estimated from
the amount adsorbed at a relative pressure of 0.99. The pore size distribution (PSD) was
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calculated from adsorption branches of isotherms using the BJH method (with KJS correction)
with the statistical film thickness curve for a macroporous silica gel. The loading of surfacebound groups was calculated from TGA data under assumption that for all the samples, the
residue at ~700 °C is dehydroxylated silica. In most cases, the weight percentage of the organic
groups was estimated as a weight loss in the temperature range from 75 °C to ~700 °C.
7.3 Results and discussion
7.3.1 Grafting of temperature-responsive PMEO2MA from the surface of HSN via ARGET
ATRP
Hollow silica nanospheres (HSNs) synthesized at near room temperature (~ 22 oC) with very
large spherical pores (~ 22 nm, as calculated by BJH-KJS method) were selected as the support
for the polymer grafting process. The HSN support was modified with 3-(2-bromoisobutyryloxy)
propyldimethylsilyl groups (BiB, which serves as an ATRP initiator) and trimethylsilyl groups
(Scheme 7.1). The obtained initiator-functionalized HSN-BiB-TMS was placed in a glass vial to
which monomer (MEO2MA or t-BA), copper(II) chloride, tris[(2-pyridyl)methyl]amine (TPMA)
ligand, and an environmentally friendly solvent (ethanol) were added. Subsequently, a reducing
agent Sn(EH)2 was added to convert Cu(II) to Cu(I). The molar ratio of reactants in both cases
was initiator: Cu(II) : TPMA : monomer = 0.74 : 0.02 : 0.2 : 50. It should be noted that the
initiator/ Cu ratio in normal ATRP is commonly about 1:1, so the present composition
corresponds to 50-fold lowering of the copper concentration. The mixture was placed in an oil
bath at 40 oC. After a selected period of time, the reaction was terminated by opening the vial and
exposing the catalyst to air to convert it to a deactivator form (that is, Cu(II) complex). The
composites were white, like the unmodified silica support and thus appeared to be largely free
from contamination of Cu species.
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Scheme 7.1 Grafting of poly(2-(2-methoxyethoxy)ethyl methacrylate), and poly(tert-butyl
acrylate), and the conversion of the latter to poly(acrylate acid) on the surface of hollow silica
nanospheres using activators regenerated by electron transfer (ARGET) atom transfer radical
polymerization (ATRP).
The successful immobilization of the bromoisobutyrate-based initiator (BiB) onto the HSN
surface was confirmed by the FTIR spectrum (Figure 7.1b), in which a new peak appearing at
1743 cm-1 can be assigned to the symmetric stretch of the C=O bond in BiB.
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Figure 7.1 FTIR spectra of HSN, HSN-BiB-TMS and representative silica/polymer composites.
The weight loss in TGA for HSNs support was small (~ 4 wt. %, Figure 7.2) and can be
associated with dehydroxylation of silica. It is known that the contribution to the weight loss
from the decomposition of organic part of trimethylsilyl groups is small, and thus the amount of
immobilized BiB-functionalized silane can be determined from TGA weight loss (~ 14 wt. %),
rendering about 0.59 mmol of initiator per gram, and 0.73 groups per nm2, based on the specific
surface area of HSN (485 m2 g-1, see Table 7.1) and the molecular weight of the part of BiBfunctionalized organosilane (ca. 237 g mol-1). The SAXS pattern of HSN-BiB-TMS (Figure 7.3)
was nearly identical to that of its parent HSN sample, indicating that the initiator attachment step
did not alter the structure of the hollow spherical silica particles. The N2 adsorption isotherm of
HSN-BiB-TMS (Figure 7.4) provided evidence of a decreased pore volume and specific surface
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area after the surface modification. Notably, the desorption branch of the isotherm changed as a
result of the attachment of BiB and TMS groups. A gradual decline in the 0.5-0.65 range of P/Po
observed before the modification was no longer observed after the modification. Instead, there
was a higher capillary evaporation step at the lower limit of adsorption-desoprtion hysteresis
(P/Po= 0.50). This indicates that a fraction of pore entrances in ~5-8 nm diameter range that were
present in the unmodified nanospheres were reduced to 5 nm or lower (based on the capillary
evaporation pressure). It is consistent with the attachment of rather large BiB-functionalized
silane. The combination of these results points to a successful modification on the surface of
HSNs with the initiator.

Figure 7.2 TGA curves of (a) hollow silica nanospheres, (b) HSN-BiB-TMS, (c)
HSN@PMEO2MA-60 min, (d) HSN@PMEO2MA-75 min, (e) HSN@PMEO2MA-90 min, and (f)
HSN@PMEO2MA-120 min.
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Figure 7.3 Small angle X-ray scattering patterns of (a) hollow silica, (b) HSN-BiB-TMS, (c)
HSN@PMEO2MA-60 min, (d) HSN@PMEO2MA-75 min, (e) HSN@PMEO2MA-90 min, and (f)
HSN@PMEO2MA-120 min.

Figure 7.4 Nitrogen adsorption isotherms (a) and pore size distributions (b) for HSN, initiator
modified HSN, and PMEO2MA grafted on the surface of HSN at different time intervals.
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In the past decades, water-soluble polymers have attracted much attention, and the most
representative polymer is poly(ethylene glycol) (PEG). In the recent years, new derivatives of
PEG are widely investigated by introducing these nonionizable hydrophilic moieties as side
chains, for instance poly (di(ethylene glycol) methyl ether methacrylate) (PMEO2MA), and
poly(oligo (ethylene glycol) methyl ether methacrylate). PMEO2MA is a cheap, neutral, watersoluble, and biocompatible polymer with the lower critical solution temperature (LCST) about
25 oC in water29-31. Below the LCST, the polymer chains are extended in an aqueous solution.
Above the LCST, the polymer chains are collapsed as they become “hydrophobic”. According to
previous reports, the “smart” temperature-responsive PMEO2MA brushes have been successfully
grafted from flat surfaces32, spherical nanoparticles33, and mesoporous silica (e.g. FDU-12)20 via
surface initiated-ATRP and ARGET ATRP. However, a simple route to graft non-linear PEG on
the surface of hollow silica nanospheres via ARGET-ATRP has not been reported. Thus, in the
present study, the polymerization of MEO2MA was performed on the solid support of HSN with
large pore voids (~ 22 nm). The TGA results in Figure 7.2 demonstrated that the polymer
loading is controllable by selecting appropriate durations of the polymerization, which indicates
that ARGET ATRP strategy to the grafting of non-linear PEG works well for the hollow
nanostructures.
The polymerization time, the structural parameters measured by N2 adsorption and the weight
loss of organic groups are summarized in Table 7.1. One-hour polymerization afforded very low
(~ 2 wt.%) PMEO2MA content in the composite materials. The low loading of polymer may be
related to the fact that ARGET ATRP in non-deoxygenated polymerization mixture requires time
for the depletion of oxygen at the initial step, which apparently took nearly one hour. Afterwards,
the polymer loading increased significantly as the polymerization time extended at short time
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intervals. The loading of PMEO2MA increased to 5 wt.% for 75 min, 15 wt.% for 90 min, and 21
wt.% for 120 min, respectively. FT-IR spectrum of HSN grafted with PMEO2MA (Figure 7.1c)
features a peak at 1727 cm-1 associated to the carbonyl group which was enhanced after the
grafting of the polymer. 13C CP-MAS NMR (Figure 7.5) showed a strong peak at 72 ppm that
can be assigned to the carbon attached to oxygen from the ether group in MEO2MA side chains.
Table 7.1 Structural parameters for HSN/PMEO2MA nanocomposites.
reaction
Sample Name

time

weight
loss

polymer
loading

SBET

Vt

wKJS

C

(m2g-1)

(cm3g-1)

(nm)

constant

(min)

(wt. %)

(wt. %)

HSN

-

4

485

1.41

22.0

264.7

HSN-BiB-TMS

-

17.6

342

1.31

21.9

39.1

HSN@PMEO2MA-60 min

60

19.1

1.8

162

0.67

20.5

54.2

HSN@PMEO2MA-75 min

75

21.8

5.1

108

0.40

18.9

33.0

HSN@PMEO2MA-90 min

90

30.2

15.3

90

0.48

-a

38.0

HSN@PMEO2MA-120 min

120

35.2

21.4

35

0.40

-a

21.1

a

Notation: Voids inside hollow spheres are essentially not accessible.
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Figure 7.5 13C CP MAS spectra for sample HSN-BiB-TMS (a), HSN@PMEO2MA-90 min (b),
and HSN@PtBA-4 h (c).
The successful grafting of PMEO2MA can also be confirmed from N2 adsorption analysis in
Figure 7.4. The HSN-BiB-TMS sample presents type IV isotherms with two nearly separated
hysteresis loops at the relative pressure P/Po = 0.50-0.92 and P/Po = 0.88-0.99, suggesting that
the HSNs with attached initiator have two types of mesopores. The capillary evaporation from
the uniform mesopores took place primarily at the lower limit of adsorption-desorption hysteresis
(P/Po= ~0.50), indicating that there are gaps in the wall, which make the inner hollow spaces
accessible, and these entrances are smaller than 5 nm. However, as noted above, the unmodified
silica spheres had an appreciable fraction of pore entrances estimated to be in 5-8 nm range, so
some of the entrances are expected to be in 3-6 nm range after the attachment of BiBfunctionalized silane, whose extended length is about 1 nm. The entrances passable by MEO2MA
molecules and ATRP catalysts (deactivator) inside HSN walls are important for the
polymerization to process to be controlled. The secondary mesopores correspond to the
interparticle voids formed as a result of the loose packing of the nanospheres. For the
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polymerization time of 60 min, the polymer/HSN composite exhibits a decreased pore volume,
specific surface area, and pore diameter (based on capillary condensation pressure). The results
indicate that the polymer grafting might have taken place to an extent larger than that suggested
by TGA (2 % polymer loading). From the adsorption isotherms, we can clearly see that the
volume of both interparticular and intraparticular mesopores decreased, indicating the
polymerization took place in both external and interior surface of HSN. The thickness of the
polymer layer grafted on the internal surface of the particles is difficult to reliably estimate,
because the pore size of the starting HSN-BiB-TMS sample was essentially the same as that of
the unmodified silica nanosphere, which points to either inaccuracy of the pore size estimation,
or to the influence of surface properties on capillary condensation pressure or both. As a result,
the comparison of pore sizes of HSN-BiB-TMS and a polymer-grafted sample is not likely to be
reliable. When polymerization lasted for 1 hour, the shape of the adsorption-desorption isotherm
was the same as for the grafted sample described above. As seen in Figure 7.4, with ~ 15 wt.%
or more of PMEO2MA in the composite, the hollow interiors of the nanoparticles were
inaccessible to nitrogen molecules, presumably because polymer chains blocked the entrances to
the interiors of the nanospheres. At this stage, it is possible that the monomer (MEO2MA) with
side chains would experience difficulty in passing through the entrance to arrive at the inner
voids. Therefore, the polymerization may occur primarily at the external surface of the hollow
nanoparticles due to their easy accessibility, although it is difficult to definitely conclude that.
First, the pore accessibility in solution at the polymerization temperature may be different from
that for nitrogen at 77 K when polymer is in dry collapsed state. Second, due to the low
concentration of the catalyst, it is not clear if the catalyst complex is present in each of the
nanoparticles, and thus the ATRP process may be disrupted through the inability to convert
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chains from dormant to radical state and/or inability to transfer halogen to growing radicals
(convert to dormant state; the latter would make polymerization uncontrolled). As seen from the
typical TEM images in Figure 7.6, the hollow spherical nanostructures were preserved after the
introduction of a high loading of polymer. Dynamic light scattering analysis indicates that
polymer/silica nanocomposites have a well-defined size distribution (Figure 7.7). When
measured at 14.2 oC (below the LCST of PMEO2MA), the polymer/silica nanocomposites
demonstrated angular-dependence behavior, indicating the hollow spheres are aggregated in
short chains or small aggregates that is in agreement with the observation from TEM images.
From the typical SAXS patterns in Figure 7.3, one can infer that the distance between particles
increased with the extension of polymerization period, which is in agreement with our
expectation that the polymerization might also happen in the external surface of HSN as the
polymerization proceeds, and thus the thickness of the polymer layer contributes to the increased
interparticle distance. At a fixed angle of 30o, the hydrodynamic radius (Rh) increased as the
polymerization time was extended (Figure 7.8). At 14.2 oC, the polymer chains are extended in
an aqueous solution, and the increased Rh confirms that the polymers are also grafted on the
external surface of the hollow spheres. As the polymerization time increased, the polymer chains
became longer. Surprisingly, when the reaction was carried out for 2 h, the Rh significantly
increased, indicating that there was more extensive aggregation of particles. This phenomenon
might result from coupling of the polymer chains growing on the external surface.
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Figure 7.6 Transmission electron microscopy images of HSN (a), HSN@PMEO2MA-90 min (b),
and HSN@PtBA-4h (c).
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Figure 7.7 Hydrodynamic radius of diluted HSN@PMEO2MA-90 min composite aqueous
solution as a function of scattering angle (θ): (a) θ = 45o; (b) θ = 30o; (c) θ = 15o and measured at
T = 14.2 oC.
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Figure 7.8 Hydrodynamic radius of diluted PMEO2MA/HSN composites aqueous solution,
HSN@PMEO2MA-60 min (--); HSN@PMEO2MA-75 min (-z-);HSN@PMEO2MA-90 min
(-S-); and HSN@PMEO2MA-120 min (--) at T=14.2 oC, and θ = 30o.
7.3.2 pH-responsive PAA grafted from the surface of HSN via ARGET ATRP
To verify the feasibility of ARGET ATRP of other stimuli-responsive polymers for grafting
from the surface of HSNs, tert-butyl acrylate (t-BA) with tert-butyl groups was selected as a
monomer, because the PtBA brush can be converted to poly(acylate acid) (PAA) brush via
thermal treatment to achieve pH responsiveness. The polymerization was carried out in the
ethanol solvent and the same conditions as described earlier. As expected, the spherical
morphology of particles remained after polymerization (Figure 7.6c). A successful grafting of
PtBA from the surface of HSNs was inferred from TGA (Figure 7.9). The polymer loading of
PtBA increased from 6 % (2 h), to 9 % (3 h), 15 % (4 h), and 19 % (5 h). Clearly, the
polymerization process was controllable by selecting different duration times. The nitrogen
adsorption isotherms shown in Figure 7.10 were type IV isotherms with two nearly separated
hysteresis loops at the relative pressures P/Po = 0.50-0.92 and P/Po = 0.88-0.99, suggesting that
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these HSN/polymer composites had two types of accessible mesopores when the polymerization
lasted up to 4 h. The inner mesopore voids of the particles were not accessible when the reaction
time was extended for an additional 1 h to 5 h. The specific surface area, total pore volume, and
inner cavity diameter decreased as the polymerization progressed (Table 7.2). The ATR-FTIR
spectrum provided an evidence that the PtBA was successfully grafted on the surface of HSNs,
because the peaks appeared at 1730 cm-1 (C=O stretch), 2977 cm-1 (a doublet; asymmetric CH3
stretching vibration) and 1368/1392 cm-1 (symmetric methyl deformation mode) (Figure 7.1d).
13

C CP-MAS NMR showed a strong peak at 22 ppm that can be assigned to the methyl carbon in

PtBA (Figure 7.5).

Figure 7.9 TGA curves of (a) hollow silica, (b) HSN-BiB-TMS, (c) HSN@PtBA-2h, (d)
HSN@PtBA-3h, (e) HSN@PtBA-4h, and (f) HSN@PtBA-5h.
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Figure 7.10 Nitrogen adsorption isotherms (a) and pore size distributions (b) for HSN, initiator
modified HSN, and PtBA grafted on the surface of HSN at different polymerization times.
To introduce pH responsiveness, a chemical-free deprotection strategy was adopted via
heating the tert-butyl esters to the corresponding carboxylic acids34. This was achieved by simply
heating the samples in a clean oven at ~ 200 °C for 30 min. The FTIR spectrum showed a
broadening of the peak at 1730 cm-1, and the loss of the peaks associated with the pendant
methyl groups (Figure 7.1e). It should be noted that after the heating, the SAXS pattern for the
HSNs with PAA brushes indicate no change in the structure and the interparticle distance slightly
increased with the increasing polymerization time (Figure 7.11).
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Figure 7.11 Small angle X-ray scattering patterns of (a) hollow silica, (b) HSN-BiB-TMS, (c)
HSN@PAA-2 h, (d) HSN@PAA-3 h, (e) HSN@PAA-4 h, and (f) HSN@PAA-5 h.
Table 7.2 Structural parameters for HSN/PtBA nanocomposites
polymer
reaction time

weight loss

(h)

(wt. %)

Sample Name

loading

SBET

Vt

wKJS

C

(m2g-1)

(cm3g-1)

(nm)

constant

(wt. %)
HSN

-

4

485

1.41

22.0

264.7

HSN-BiB-TMS

-

17.6

342

1.31

21.9

39.1

HSN@PtBA-2h

2

22.5

5.9

212

0.84

20.5

30.9

HSN@PtBA-3h

3

25.2

9.2

183

0.62

18.8

30.4

HSN@PtBA-4h

4

29.9

14.9

116

0.60

18.9

41.3

HSN@PtBA-5h

5

33.5

19.3

94

0.42

-

34.7
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7.4 Conclusions
Stimuli-responsive polymers have been successfully grafted from the outside and inside
surfaces of the hollow silica by using ARGET ATRP. The spherical morphology was maintained
and the structural properties of the resulting materials were tailored, resulting in a range of
specific surface areas, pore volumes and pore diameters depending on the polymer loading. The
well-defined stimuli-responsive “smart” composite materials have potential application as drug
delivery vehicles, or separation materials.
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Chapter 8
Development of Magnetite / Polymer Hybrid Materials
for Heavy Metal Ions Absorption
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8.1 Introduction
Removal of heavy metals has attracted extensive attention worldwide, because these inorganic
pollutants are dangerous for human health, aquatic conditions, and the ecosystems of the earth1-3.
Series of technologies have been applied in this field to ensure reliable access to clean water,
including precipitation, ion exchange, membrane filtration, or adsorption4-6. In particular, the
adsorption is recognized as the most popular water treatment technique. The most commonly
used adsorbents are activated carbon, zeolites, functionalized silicas (with amino or thiol groups),
and clays4-8. However, they are not effective enough for heavy metal ion removal (e.g., Pt2+, Co2+,
Cd2+, Hg2+) or they are costly. The development of highly efficient and specific adsorbents with
high adsorption capacities and unique adsorption selectivity is highly desirable in water
treatment.
Benefited from the rapid development of nanoscience and nanotechnology, the iron oxide
nanoparticles (NPs) with high surface area can be fabricated at low cost9. Importantly, these NPs
can be easily separated by using an external magnetic field. Yin’s group reported a facile strategy
to the synthesis of highly water soluble magnetite colloidal NPs10. In addition, Chen and coworkers11 used carbon coated Fe3O4 NPs as the absorbents for the removal of heavy metal ions
from aqueous solutions. It was demonstrated that the Fe3O4@C NPs can remove 97% of Pb2+
ions from an acidic aqueous solution. However, the stability of Fe3O4 NPs in water remains a
challenge, because the iron oxide NPs can easily agglomerate and precipitate in the absence of
capping agents like surfactant or polymer and the naked iron oxide could be toxic to human body
if leached into water.
In our current study, thermo-responsive magnetic inorganic-polymer hybrid NPs are designed
to remove metal ions from aqueous solutions. The carbon coated Fe3O4 NPs synthesized in one-
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pot were used as the “hard” core template to further coat the cross-linked temperature responsive
poly(N-isopropylacrylamide)-based polymer layer via the precipitation polymerization in an
aqueous solution. While the magnetic core enables the easy collection of the hybrid NPs, the
tunable thickness and designable functional groups of the cross-linked polymer layer are
expected to improve the loading capacity of pollutants from water. For example, the crown ether
functional groups grafted on the polymer network chains can form host-guest complexes with
many heavy metal ions in their central cavity. Importantly, by simply controlling the temperature,
the polymer network can undergo a reversible volume phase transition (swelling/shrinking
transition). In such a design, the pollutants such as heavy metal ions can be absorbed at the room
temperature when the polymer gel is in swollen state and driven out at a moderately high
temperature about 45 °C when the polymer gel is in collapsed state, so that the thermoresponsive magnetite-polymer hybrid NPs can be recycled for reusing as a absorbent.
8.2 Experimental
8.2.1 Materials
4′-acryloamidobenzo-18-crown-6 (AAB18C6) was purchased from Acros, and all other
chemicals were purchased from Sigma-Aldrich. Ferrocene (≥98%), hydrogen peroxide (H2O2,
30%), acetone, N, N’-methylenebisacrylamide (BIS), ammonium persulfate (APS), and sodium
dodecyl sulfate (SDS) were used as received without further purification. N-isopropylacrylamide
(NIPAM) was recrystallized with a hexane-acetone mixture (v/v, 1:1). The water used in all
experiments was of Millipore Milli-Q grade.
8.2.2 Synthetic procedure
8.2.2.1 Synthesis of Fe3O4@C NPs
In a typical synthesis, ferrocene (0.62 g) was dissolved in 60 mL of acetone. After intense
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sonication for 30 min, 3.2 mL of hydrogen peroxide was slowly added into the above mixture,
which then was sonicated for 30 min. After that, the precursor solution was transferred to the
Teflon lined stainless autoclave with a total volume of 110 mL. It was heated and maintained at
220 oC for 36 h. After that, the autoclave was cooled to room temperature. After sonication for 20
min, the products from the Teflon-lined stainless autoclave were magnetized for 5 min by a
magnet with 0.20 T, and the supernatant was discarded under a magnetic field. The precipitates
were then washed with acetone three times to remove excess ferrocene. Finally, the black
products were dried at room temperature in a vacuum oven.
8.2.2.2 Synthesis of Fe3O4@C@p(NIPAM-AABC) hybrid microgels
The Fe3O4@C coated with poly(N-isopropylacrylamide-co-4-acryloylamidobenzo-18-cown-6)
(p(NIPAM-AABC)) microgels were synthesized by free radical precipitation polymerization. 4
mg of Fe3O4@C NPs prepared above were dissolved in 100 mL of H2O and stirred for 1 h. The
total monomer in feed was 5.6 mmol and the comonomer molar ratio was fixed at 89:10:1 for
NIPAM: AABC: BIS. The monomers and SDS (0.058 g, 2 mmol) were first dissolved in the
mixture under stirring, and then transferred to a three-necked round-bottom flask equipped with a
condenser and a nitrogen inlet. It was heated to 70 oC under nitrogen. After 1 h, 0.068 g of APS
(dissolved in 5 mL of water) was added to initiate the reaction. The reaction was allowed to
proceed for 5 h. The resultant microgels were magnetically separated from the solution by
applying a magnet with 0.20 T for 30 min, and the supernatant was discarded under the magnetic
field. The precipitates were then washed with water five times to remove excess unreacted
monomers or surfactants. The resulting hybrid microgels were denoted as Fe3O4@C@p(NIPAMAABC).
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8.2.3 Characterization
The FTIR spectra were recorded with a Nicolet Instrument Co. MAGNA-IR 750 Fourier
transform infrared spectrometer. The UV-vis absorption spectra were obtained on a Thermo
Electron Co. Helios β UV-vis spectrometer. The transmission electron microscopy (TEM) images
were taken on a FEI TECNAI transmission electron microscope operating at an accelerating
voltage of 120 kV. Approximately 30 μL of the hybrid microgel dispersion was air-dried on a
carbon-coated copper grid for the TEM measurements.
Dynamic light scattering (DLS) was performed on a standard laser light scattering
spectrometer (BI-200SM) equipped with a BI-9000 AT digital time correlator (Brookhaven
Instruments, Inc.). A He-Ne laser (35 mW, 633 nm) was used as the light source. All samples
were passed through Millipore Millex-HV filters with a pore size of 0.45 μm to remove dust
before the measurements. In DLS, the Laplace inversion of each measured intensity-intensity
time correlated function can result in a characteristic line width distribution G(Г). For a purely
diffusive relaxation, Г is related to the translational diffusion coefficient D by (Г/q2)c→0,q→0 = D,
where q = (4πn/λ)sin(θ/2), with n, λ, and θ being the solvent refractive index, the wavelength of
the incident light in vacuo, and the scattering angle, respectively. G(Г) can be further converted
to a hydrodynamic radius (Rh) distribution by using the Stokes-Einstein equation, Rh =
(КBT/6πη)D-1, where T, КB, and η are the absolute temperature, the Boltzmann constant, and the
solvent viscosity, respectively.
8.3 Results and discussion
8.3.1 Synthesis and structure of Fe3O4@C@p(NIPAM-AABC) hybrid materials
The synthesis of Fe3O4@C@p(NIPAM-AABC) hybrid microgels involved the first synthesis
of Fe3O4@C core template NPs, followed by the free radical polymerization of comonomers and
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crosslinkers to add a layer of the p(NIPAM-AABC) gel. The crown-ether pendants are
incorporated into the polymer network via the copolymerization of the crown ether-containing
monomers (Scheme 8.1). Figure 8.1a shows the FTIR spectrum of the Fe3O4@C template NPs.
Nasrazadani et al12 revealed that magnetite usually have two strong bands at around 570 cm-1 and
390 cm-1, different from the absorbing peaks of magnemite at 630 cm-1and 430 cm-1. Therefore,
the strong peak appearing at 572 cm-1 indicates the existence of magnetite in the Fe3O4@C
template NPs. The band at 1590 cm-1 should be attributed to the C=C vibration from the
mesoporous carbon13. After coating a crosslinked copolymer layer, the resultant hybrid microgel
sample presents amide I band (1646 cm-1) and amide II band (1540 cm-1). The incorporation of
benzo-18-crown-6 group can also be identified from FTIR spectra14. The peak at 1514 cm-1 can
be attributed to the skeletal C=C stretching vibration of the phenyl ring. The C-O asymmetric
stretching vibration in Ar-O-R appears at 1216 cm-1 and the C-O asymmetric stretching vibration
in R-O-R′ appears at 1129 cm-1. The C-O symmetric stretching vibration in Ar-O-R appears at
1058 cm-1. All of these peaks confirmed that the AAB18C6 was copolymerized into the polymer
gel shell successfully.
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Scheme 8.1 Synthesis of Fe3O4@C@p(NIPAM-AABC) hybrid microgels
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Figure 8.1 FTIR spectra of (a) Fe3O4@C template NPs, (b) Fe3O4@C@p(NIPAM-AABC)
hybrid materials.
Figure 8.2 shows the typical TEM images of the Fe3O4@C core NPs (a), and the
Fe3O4@C@p(NIPAM-AABC) core-shell magnetite-polymer hybrid microgels (b), respectively.
They present a spherical morphology and a nearly uniform particle size distribution. The average
size of the Fe3O4@C NPs was around 120 nm. The p(NIPAM-AABC)coated hybrid microgels
demonstrated an increased particle size of ~ 134 nm in a dry state, indicating a successful
addition of the polymer gel layer.
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Figure 8.2 Typical TEM images of (a) Fe3O4@C core template NPs, and (b)
Fe3O4@C@p(NIPAM-AABC) hybrid core-shell microgels.
8.3.2 Thermal-responsive volume phase transition of Fe3O4@C@p(NIPAM-AABC) hybrid
microgels
As expected, the size of Fe3O4@C@p(NIPAM-AABC) hybrid microgels is temperature
responsive. Figure 8.3 shows the Dh values of the hybrid microgels dispersed in an aqueous
solution as a function of temperature. The volume phase transition temperature (VPTT) of the
hybrid NPs is ~ 32 oC, which is nearly the same as the lower critical solution temperature (LCST)
of PNIPAM polymers (and VPTT of pure PNIPAM microgels). It indicates that the incorporation
of 10 mol% of AABC comonomer in feeding does not significantly shift the hydrophilichydrophobic balance of the PNIPAM polymer. The obtained result is in accord to the reported
result that the linear p(NIPAM-AABC) polymer synthesized by direct copolymerization of the
two monomers presents a LCST at ~ 31 oC, which is the same as that of pure PNIPAM15.
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Figure 8.3 Average Dh value of Fe3O4@C@p(NIPAM-AABC) hybrid microgels in an aqueous
solution as a function of temperature, measured at a scattering angle θ = 30o.
8.3.3 Adsorbent capacity of the Fe3O4@C@p(NIPAM-AABC) hybrid microgels
Due to the analysis facility limitation of inductively coupled plasma atomic emission
spectroscopy, cobalt ions (Co2+) with UV-Vis absorption were selected as a presentative heavy
metal ion to evaluate the adsorption/desorption ability of the Fe3O4@C@p(NIPAM-AABC)
hybrid microgels. Figure 8.4 shows the standard curve of Co2+ in an aqueous solution. It is
obvious that the lower limit of detection (LLOD) is ~10 ppm (0.01 g/L) based on the UV-Vis
absorption technique. In current study, 1 g/L Co2+ (1000 ppm) aqueous solution was used to
evalute the adsorbent capacity. First, 40 mg of Fe3O4@C core template NPs suspension was
mixed with 1 mL of 1g/L Co2+ and 4 mL D.I. water in a glass vial. After stirring for certain time
(1 h, 2h, and 20 h), the above mixture is separated under an external magnetic field of 0.20 T
(Figure 8.5 a). The absorbent capacity for the template Fe3O4@C NPs was determined to be 3%
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at 1 h, 8.2% at 2 h, and 8.5% at 20 h, respectively. In contrast, the Fe3O4@C@p(NIPAM-AABC)
hybrid microgels demonstrated much rapider and higher adsorption ability towards the Co2+. The
addition of 20 mg of the Fe3O4@C@p(NIPAM-AABC) hybrid microgels into the Co2+ aqueous
solution with an initial concentration of ( 0.2 g/L) almost adsorbed all the Co2+ ions (Figure 8.5
b). Within the LLOD, there is no absorption of cobalt ions in the clear solution after the magnetic
separation of the adsorbent hybrid microgels. At least more than 90% cobalt ions were absorbed
into the hybrid microgels, which indicates that the cross-linked gel shell functionalized with 18crown-6 molecule has unique selectivity towards cobalt ions. More importantly, the hybrid
microgels as a highly efficient adsorbents for heavy metals ions can be recycled easily by
applying an external magnetic field because the metal ions adsorbed (trapped) in the polymer gel
network can be desorbed quickly by warming up the microgels suspension to 45 °C. The
recyclability of the hybrid microgels is a great advantage for low-cost water treatment.

Figure 8.4 The standard curve of [Co2+] aqueous solution when taking the maximumn
absorption intensity at λ=512 nm.
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Figure 8.5 Optical photographes of the mixture containing Co2+ metal ions and the Fe3O4@C
core template NPs (a), and the Fe3O4@C@p(NIPAM-AABC) hybrid microgels (b) and their
magnetic separation.
8.4 Conclusion
A core-shell structured thermo-responsive Fe3O4@C@p(NIPAM-AABC) magnetite-polymer
hybrid microgel was successfully synthesized by using the Fe3O4@C NPs as the hard core
template, followed by the precipitation polymerization of NIPAM and crown ether functionalized
comonomers in the presence of crosslinker. The 18-crown-6 ether demonstrated high complexing
ability toward the Co2+, thus significantly improve the adsorption ability of the
Fe3O4@C@p(NIPAM-AABC) hybrid NPs compared to the Fe3O4@C core NPs. As we expected,
the polymer gel layer has high adsorption capacity for metal ions. Furthermore, the magnetic and
reversible thermo-responsive properties of the hybrid microgels allow an easy separation and
recycling of the nanoabsorbents for reuse.
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